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As far as the laws of mathematics refer to reality, they are not certain; 
and as far as they are certain, they do not refer to reality 
 












Oggetto della presente tesi è un’analisi preliminare di un ciclo del combustibile 
innovativo orientato alla sostenibilità della produzione di energia per via nucleare, 
basato sui reattori avanzati di IV Generazione refrigerati ad elio: precisamente, il 
reattore a gas ad alta temperatura (High Temperature Gas Reactor - HTR o HTGR) ed il 
reattore a gas a spettro veloce (Gas-Cooled Fast Reactor, GCFR), combinati sulla base 
delle loro caratteristiche complementari. Il combustibile irraggiato dei reattori ad acqua 
leggera, come noto, è caratterizzato da un burn-up nucleare relativamente ridotto: 
pertanto, in virtù del suo elevato contenuto di elementi fissionabili (e, quindi, riciclabili 
come nuovo combustibile) nonché dell’elevata diffusione, nel presente e nel prossimo 
futuro, di tale tipologia di reattori, esso rappresenta il punto di partenza del ciclo 
proposto. Il reattore HTR, che grazie alle sue caratteristiche peculiari permette ampia 
flessibilità nella scelta del combustibile, può essere alimentato con il Nettunio ed il 
Plutonio provenienti dagli LWR, senza la necessità di aggiungere elementi fertili. 
L’irraggiamento nell’HTR riduce fortemente la massa di Nettunio e Plutonio e ne 
cambia profondamente la composizione isotopica, rendendola del tutto inadatta per 
scopi militari. Il Nettunio e il Plutonio stessi contenuti nel combustibile così bruciato, 
dopo essere stati separati chimicamente (senza separazioni isotopiche) dai prodotti di 
fissione e dagli attinidi minori (Americio e Curio), costituiscono il driver fuel per il 
GCFR, il cui core è costituito per la maggior parte da Uranio Depleto (DU). Si realizza 
in questo modo un ciclo capace di produrre energia a spese di materiale di scarto del 
ciclo dei reattori ad acqua leggera, riducendo così drasticamente la domanda di nuovo 
uranio da una parte e la massa di scorie da stoccare nei depositi dall’altra.  
Per analizzare un ciclo siffatto si sono presi come riferimento rispettivamente il Pebble-
Bed Modular Reactor 400 MWth (PBMR–400) come reattore a gas termico ed il reattore 
GCFR “E” 2400 MWth come reattore a gas veloce (entrambi sono stati oggetto di studio 
dei progetti PuMA e GCFR nell’ambito del VI Programma Quadro dell’UE).  
Il contenuto della tesi si può quindi riassumere nei punti seguenti: 
 
1. I Capitoli 1 e 2 mostrano rispettivamente una panoramica sullo stato dell’arte in 
merito alle tecnologie di separazione e trasmutazione delle scorie nucleari, e in 
particolare degli attinidi (e alle relative problematiche aperte), le principali 
caratteristiche dei reattori avanzati refrigerati a elio e le loro potenzialità di 
raggiungere l’obiettivo di sostenibilità proposto dalla Generation IV Iniziative 
2. I Capitoli 3÷5 mostrano le ipotesi, le sensibilità preliminari ed i principali calcoli 
riguardanti l’analisi del ciclo integrato LWR-HTR-GCFR; sulla base dei risultati 
trovati vengono evidenziati i punti di forza e di debolezza non solo dei singoli 
concetti di nocciolo ma anche del ciclo nel suo insieme  
3. Il Capitolo 6 è dedicato al progetto preliminare di un elemento di combustibile 
da inserire nel nocciolo del reattore GCFR e dedicato al bruciamento di 
Americio e Curio accumulatisi nel corso del ciclo, con l’obiettivo di 





Infine l’ultimo capitolo conclude l’analisi sottolineandone i principali elementi 
innovativi, in particolare per quanto riguarda la riduzione della massa e della 
radiotossicità delle scorie finali da stoccare, ed evidenziando anche i problemi 














The present work focuses on a preliminary analysis of an integrated nuclear fuel cycle 
involving Generation IV Helium-cooled reactors. Both the thermal and the fast concepts 
are considered here due to their complementary characteristics. The starting point of the 
analysis is the current Light Water Reactor (LWR) park, which supplies a huge amount 
of “fresh” fuel thanks to its relatively limited burn-up. The fertile-free core of the High 
Temperature gas-cooled Reactor (HTR) is the following step for Neptunium and 
Plutonium coming from LWRs. Successively, Neptunium and Plutonium irradiated in 
HTR act as a driver fuel for a Gas-Cooled Fast Reactor (GCFR) core containing high 
quantities of Depleted Uranium (DU). Americium and Curium coming from each 
reactor of this chain are inserted in some special (“dedicated”) assemblies and finally 
destroyed in the fast core itself.   
Indeed, that “symbiotic” cycle basically aims at closing the current nuclear fuel cycle: in 
principle, thanks to the unique characteristics of Helium cooled reactors (thermal and 
fast), Light Water Reactor Spent Nuclear Fuel (LWR SNF) along with DU becomes 
valuable material to produce a lot of energy. Additionally, burning Heavy Metals (HM) 
coming from LWR waste means not only that the natural Uranium demand is drastically 
reduced, but also that the mass of the long-term radiotoxic component of nuclear waste 
is remarkably reduced.  
In this framework, PBMR-400 and GCFR “E” 2400 (proposed in the EU 6th Framework 
PuMA and GCFR projects) have been respectively chosen as a HTR and a GCFR 
reference designs.  
Then, the content of this thesis can be summarized as follows: 
 
1. The first part (Chapters 1 and 2) shows the starting points of this study: the state 
of the art as far as the technology of Partitioning and Transmutation (P&T) is 
concerned with its main open issues; the main characteristics of advanced 
Generation IV He-cooled reactors and their capabilities to reach the goal of 
sustainability  
2. The second part (Chapters 3÷5) shows the hypotheses, the preliminary 
sensibilities, the main calculations and results regarding the integrated cycle 
proposed; on this basis, its strong and weak points are underlined 
3. The third part (Chapter 6) addresses the preliminary design of an assembly for 
GCFR dedicated to burn Minor Actinides (MA) coming from the whole cycle. 
That aims at minimizing the HM amount in the final waste to store in geological 
repositories. 
A final chapter concludes the analysis, underlining the major findings, 
particularly as far as the reduction of the waste amount and radiotoxicity is 
concerned. Finally, a critical review of the weak points of the proposed cycle 
and of the necessary developments is performed. 
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The need to cut greenhouse gas emissions (GHG) in an effort to tackle climate change 
has become a major driver of energy policy. Indeed, an “energy revolution” is needed to 
decarbonise energy supply, which is heavily reliant on fossil fuels. An important part of 
the scientific community believes that at least 50% of GHG emissions must be cut from 
2005 levels by 2050, in order to limit the average temperature increase to 2-3ºC and to 
avoid the worst consequences of global warming [OECD/NEA, 2009].  
As of 1 January 2010, a total of 436 commercial nuclear reactors are operating in 30 
countries, with an installed electric net capacity of about 370 GWe, and 56 reactors with 
an installed capacity of 51 GWe are under construction in 15 countries 
[http://www.euronuclear.org]. That means, about 15% of the global energy production 
is assured by nuclear power, which is the only energy source, along with hydro power, 
that is at present greenhouse-free and highly available at the same time. Furthermore, an 
other important peculiarity of nuclear energy is its fuel, Uranium (and, potentially, 
Thorium), which does not have any other significant application field beyond nuclear 
power production. In contrast, fossil fuels (oil, gas, etc.) are very valuable materials that 
constitute for example the basis for the most of the current and future chemical industry. 
Furthermore, as known [http://www.world-nuclear.org], the impact of the rough 
material on the final price of kWh is by far smaller for nuclear power than for fossil 
sources: just to set an example, 17% of the total kWh generation cost for EPRTM is 
expected to be fuel costs, and those broke down as 51% natural uranium, 3% 
conversion, 32% enrichment, and 14% fuel fabrication. The total fuel costs of a Nuclear 
Power Plant (NPP) are about a third of those for a coal-fired plant and between a quarter 
and a fifth of those for a gas combined-cycle plant. Finally, we should never forget that 
1 g of Uranium produces the same energy of 1 ton of coal, and the same ratio remains 
true regarding waste production. 
As of today, the worldwide experience in producing civil nuclear power is equal to 
13948 Reactors-Years [http://www.world-nuclear.com]. It is undoubted that today the 
Light Water Reactor technology has reached a full maturity, particularly from the safety 
point of view. Almost all the reactors currently under construction, like EPRTM,  belong 
to Generation III/III+, which represents a further improvement of previous technology 
(like “classical” PWR and BWR), particularly thanks to their stricter safety 
requirements.  
At the moment, at least until nuclear fusion will not be available, only an extensive 
production of energy by nuclear fission can save the planet not only from excessive 
greenhouse emissions, but also from the risk of an excessive depletion of fossil 
resources. Hence, the Generation III/III+ LWR technology is the only one which could 
answer to the increasing energy demand at once, since hydro power has already almost 
reached its highest expansion. Indeed, world demand for electricity is expected to 
double from 2002 through 2030 to meet the needs of an increasing population and, 
above all, sustain the world economic growth and the improved population life quality 
of developing countries [OECD/NEA, 2008]. Furthermore, electricity represents only 




issues, substitutes to fossil fuel have to be found not only for electricity generation but 
also for other uses. Several alternative uses of nuclear energy have the potential to 
heighten its role worldwide [OECD/NEA, 2008], such as the desalination of seawater, 
heat production for industrial or residential purposes and ultimately, production of the 
energetic vector hydrogen. Particularly, desalination and hydrogen production could 
become significant application fields of nuclear energy: for example, producing 
hydrogen1 by nuclear power could make this alternative energy carrier available with 
significantly less (or, even, not at all) greenhouse gas emissions in comparison with 
current methods. Indeed, any electricity producing reactor can produce hydrogen 
through the process of electrolysis. Moreover, if an effective high temperature nuclear 
reactor technology were developed, the production of high temperature heat and of 
hydrogen with more efficient processes would be possible. Of course, if these plans 
came to fruition, they could significantly increase uranium requirements. Hence, if a 
fully sustainable nuclear energy production is envisaged, the LWR technology is not the 
final solution. Without considering the low operating temperatures, which do not allow 
for producing high temperature heat and realizing cycles with high efficiencies, the 
current LWR technology is characterized by two main drawbacks, which are 
intrinsically connected to each other: the relatively small capacity of exploitation of U 
resources and the production of relatively “large” amounts of waste remaining toxic for 
hundreds of thousands of years, to store in geological repositories. However, sufficient 
resources exist to support a significant growth in nuclear capacity for electricity 
generation in the long term. In fact identified resources are enough for over 80 years, 
considering 2006 uranium requirements [OECD/NEA, 2008]. Moving to advanced 
reactors and recycling fuel, they could increase the long-term availability of nuclear 













100 300 700 
With recycling 
using fast reactors 
> 3000 > 9000 > 21000 
Table 1 – Ratios of uranium resources to present (2006) annual consumption for different 
categories of resources, showing the impact of recycling in fast neutron reactors (in years)  
 
In addition, thorium, which is 3 times more abundant than uranium in the earth’s crust 
[http://www.world-nuclear.org], is also a potential source of nuclear fuel, if alternative 
fuel cycles are developed and successfully introduced. Thus, in principle sufficient 
nuclear fuel resources exist to meet current and future energy demands.  
In order to develop the full potential of nuclear energy production, considerable 
exploration, research and investments are required. That is the goal of the so-called 
Generation IV Initiative [http://www.gen-4.org]. As known, the Generation IV 
Initiative, which started in 2002, proposes six reactor concepts (SFR, LFR, GCFR, 
VHTR, SCLWR, MSR) that, if developed, would allow for a fully sustainable nuclear 
energy production. All these concepts have their strong and weak points, but they would 
compensate each other if combined in a symbiotic way, in order to realize close, 
proliferation resistant fuel cycles. In such “symbiotic” cycles, 100% of U resources are 
virtually exploited and high level waste produced are recycled as a fresh fuel. Of course, 
                                                 




we should not forget that not only innovative reactors, but also Partitioning and 
Transmutation (P&T) technologies are a key point so as to reach this goal.  
A great effort is requested to develop this new nuclear age, and these technologies will 
not be available before 2030 at least. Meanwhile, the LWR technology could effectively 
supply all the energy for the world needs, leaving a waste which is valuable material to 
feed tomorrow’s reactors.  
 
The symbiotic LWR-HTR-GCFR cycle here proposed belongs to this framework: the 
choice of such a cycle is due to the successful past operating experience with the HTR 
technology as well as to the unique potentialities offered by Helium as coolant both for 
thermal and fast reactors. In agreement with the principles inspiring the Generation IV 
Initiative, the combination of LWR, HTR and GCFR aims at realizing a cycle where 
each concept can do what the others cannot, exploiting Uranium resources integrally 
and minimizing the amount and the long-term toxicity of the final waste to store in 
geological repositories. Another direct consequence of this kind of cycle is a strong 
proliferation resistance, since a deep burn-up is realized and only chemical separation of 

























Chapter 1 – Closing the nuclear fuel cycle: 
an important challenge for the future nuclear 
technology 
1.1 Advantages and drawbacks of the current LWR based 
nuclear fuel cycle
Currently there are more than 400 power reactors running worldwide, supplying about 
15% of the total electricity produced. Nuclear power is, as known, the only CO2-free 
source that is capable to satisfy today’s increasing energy demand. Nuclear power, 
thanks to the well-proven LWR technology, is very reliable and safe. Although among 
power plants NPPs have by far the highest ratio between energy supplied and waste 
produced, actually waste is probably their major drawback. Indeed, nuclear waste 
contains elements that are dangerous for more than 100000 years; in addition, the 
natural resources of nuclear fuel are limitedly exploited by the LWR technology, 
because of both neutronic and technological reasons. It has been clear since the 
beginning of the nuclear age that the nuclear fuel availability could be substantially 
increased by the Fast Reactor (FR) technology, which is virtually capable of utilizing 
almost 100% of U from mine against ~1% of LWRs. Furthermore, fissioning the whole 
U amount extracted from mine means to reduce the long-term radiotoxicity of the final 
waste as well. Thus, in order to reach these two goals contemporarily (so realizing a 
“sustainable” nuclear power production), more kinds of reactor have to be used, linked 
each other in a “symbiotic” way (see Par. 1.5). As known, the discharge burnup of fuel 
elements depends on both nuclear and technological reasons, consequently it can be 
quite different for different kinds of reactor. Regarding LWR, the most widespread 
concept worldwide, it lies in the range between 30000 and 60000 MWd/tHM. That 
entails that the mass loaded into a “typical” LWR (electric output equal to 1 GWe and 
efficiency around 33%) amounts to about 25/30 tons of Heavy Metals (HM) per Full 
Power Year (FPY) and is followed by the same discharge rate of spent fuel, of which a 
relatively important fraction is composed of TRansUranics (TRU). After about 3 years 
of permanence inside the reactor core, the spent fuel is transferred to cooling pools. 
Approximately 350 different nuclides (200 of which radioactive) were created during 
irradiation, with the following average composition:  
 
− 94% U238, 
− 1% U235 (hence, Spent Nuclear Fuel (SNF) is still enriched if compared 
to Unat), 
− 1% Pu, 
−  0.1% Minor Actinides (MA), 
− 3 ÷ 4% Fission Products (FP). 
 
As far as the isotopic composition of Pu and MA is concerned, it is shown in Table 2 
[IAEA, 2007]. 




Isotope Quantity [g/t HM] Mass fraction [%] 
Pu238 140 1.5 
Pu239 5470 59.0 
Pu240 2230 24.0 
Pu241 956 10.3 
Pu 
Pu242 486 5.2 
Np237 437 51.6 
Am241 296 35.0 
Am243 83.8 9.9 
Cm242 6.2 0.7 
MA 
Cm244 24 2.8 
Table 2 – LWR Pu and MA composition (burn-up 33 GWD/tHM; initial enrichment 3.2% U235; 
5 years cooling)  
 
FP dangerousness decays in few centuries, but Pu and MA are very long-living, even 
more than 100000 years. Then, it is of particular concern the approximately 1 wt% of 
SNF composed of Pu and MA isotopes; furthermore, it is important to remember that Pu 
recycling alone has a rather insignificant impact on long term radiotoxicity reduction 
[IAEA, 2009a]. Therefore, the management, the minimization of SNF quantity, and its 
safe disposal are key issues for the present and the future of nuclear energy. However, it 
is important to recognize that what is called “nuclear waste” is actually composed 
largely of recyclable material. In principle, all actinides are able to produce energy by 
fission, either directly or indirectly by transmutation into fissile nuclei by one or more 
neutronic captures. That means, ~96% of SNF is potentially recyclable, whereas only 
FPs are really “waste,” at least from the energy production point of view (indeed, some 
of them could be extracted and used, as an example, for technological or medical 
applications). At the moment, only Pu is partially recycled in some countries in Mixed 
Oxide (MOX) fuel for LWRs. MOX technology allows the possibility to double the 
current natural resource exploitation, which corresponds to ~1% with the Once Through 
Then Out (OTTO) cycle. However, an integral use of U resources can be achieved only 
with the FR technology. Indeed, the Generation IV Initiative, aiming at a sustainable 
nuclear power, proposes 6 reactor concepts, whose 3 are fast (see Par. 1.2). In addition, 
recycling all HM from SNF reduces the mass of the material to be stored in geological 
repositories and may also reduce its long-term radiotoxicity. This reduction will be very 
strong if the final waste is constituted of only light FPs (see Figure 1, [OECD/NEA, 
2006a]): indeed, their radiotoxicity balances the reference level (the so-called Level Of 
Mine, LOM2) in less than 500 years. Moreover, recycling HM entails high neutronic 
fluencies on them and, consequently, the build-up of MA and Pu nuclides with high 
mass number (240 or higher). That means, HM are made useless for military purposes3, 
because many of these heavier isotopes are characterized by both a high decay power 
and a high probability of self-fission (Table 3, [OECD/NEA, 2006a]). 
 
 
                                                 
2 The LOM corresponds to the radiotoxicity of that natural Uranium (Unat) mass from which the 
considered waste descends 
3 In this connection, it is useful to remember that at least 93% of Pu-Weapons Grade (Pu-WG) is 
composed of Pu239, because Pu-WG cannot contain more than 7% of Pu240 due to the relatively high self-
fission probability of this latter isotope 















237Np 2.14·106 7.07·10-4 2.07·10-5 < 7·10-6 1.1 
238Pu 87.404 17.2 0.570 155 2.3 
239Pu 2.4413·104 6.13·10-2 1.913·10-3 1.35·10-3 2.5 
240Pu 6580 0.227 7.097·10-3 53.7 2.5 
241Pu 14.98 99.1 4.06·10-3  4.7 
242Pu 3.869·105 3.82·10-3 1.13·10-4 95.3 2.4 
241Am 432.7 3.43 0.1145 3.55·10-2 2.0 
242mAm 144 10.3 3.08·10-2  1.9 
243Am 7370 0.200 6.42·10-3  2.0 
242Cm 0.445 3.32·103 122 1.21·106 0.13 
244Cm 18.099 80.94 2.832 6.87·105 1.6 
245Cm 8265 0.177 5.89·10-3  3.0 
252Cf 2.64 537 38.3 2.3·1012 0.98 
Table 3 – Decay power and other properties of some actinide nuclides 
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1.2 The innovative nuclear reactor concepts: the Generation 
IV Initiative 
Since the beginning of this century, a new interest in nuclear energy has increased as 
high capacity CO2-free energy source. Furthermore, there is a growing pressure from 
society to reduce the amount of Pu stockpiles as well as of long-lived nuclear rest 
material as far as possible, and to further increase the safety of nuclear power stations. 
These points are addressed by the Generation IV Initiative. The Generation IV 
International Forum (GIF) is an international research initiative for the fourth generation 
of nuclear power plants, envisaged to enter service halfway the 21st century [US DOE, 
2002]. Generation IV targets to improve all aspects of nuclear power generation: safety, 
economics, sustainability and availability. Six reactor concepts are considered, both 
thermal and fast, and almost all were studied in the past. The six reactor type are listed 
hereafter: 
 
− VHTR: Very High Temperature Reactor 
− SCWR: Supercritical Water Reactor 
− GCFR: Gas Cooled Fast Reactor 
− SFR: Sodium cooled Fast Reactor 
− LFR: Lead cooled Fast Reactor 
− MSR: Molten Salt Reactor. 
 
Each concept has its strong and weak points; if all (or at least some of) these concepts 
were used in a symbiotic system, they should counterbalance their mutual weak points. 
It is interesting to note that Generation IV is supported by other initiatives, like the 
Advanced Fuel Cycle Initiative (AFCI), in the effort of integrating all the aspects of 
nuclear power generation cycle, from U mining to waste storage. That means, not only 
the reactors, but also the whole fuel cycle (and then, the interconnections among 
reactors as well as among reactors, fabrication, reprocessing and disposal) are taken into 
account at the same time. This is a crucial point that makes Gen. IV technologies 
different from the past ones.  
Thus, in the following paragraph we will have a look at the main aspects of advanced 
fuel cycles beyond the reactors themselves: fuels, partitioning and transmutation.    
 
1.3 Advanced fuels and fuel cycles: characteristics and 
technological challenges 
As partially anticipated, closing the nuclear fuel cycle4 would permit the possibility to 
solve almost all the open issues regarding nuclear power, while assuring the energy 
supply worldwide for the future centuries. Of course, there are some challenging aspects 
at the moment as far as Partitioning and Transmutation (P&T) are concerned. Probably, 
the best way to close the nuclear fuel cycle would be an integral fuel cycle (as proposed 
for GCFR reactors [US DOE, 2002]). In such an approach, LWR SNF is reprocessed 
and its HM content represents part of the feed for a FR fleet. Hereafter, the spent fuel of 
FRs is reprocessed in situ, and all HM are recovered together (i.e. without separation of 
the different actinides) and reused to produce new fuel for the same FR fleet (multiple 
homogeneous recycles), while FPs constitute the final waste. Such a strategy is at the 
                                                 
4 I.e. all HM from mine are exploited to produce energy by fission, directly or indirectly by transmutation, 
then they are reprocessed and recycled; the final nuclear waste (virtually) consists of only (light) FPs 
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moment quite challenging, because a economically feasible process that allows for 
treating highly radioactive materials and for extracting HM with a very high efficiency 
(at least 99.9%) is needed. Moreover, treating not-negligible quantities of MA 
(particularly Cm, due to its strong γ and neutron emissions) seems to be quite difficult 
due to radioprotection problems, particularly in large facilities and along with large 
amounts of other HM. In addition, all the processes involved should be very effective as 
far as the separation of HM from FPs and the recoverability of reactants are concerned. 
Hence, recycling U, Pu and Np and, if appropriate, Am seems to be more feasible at the 
moment than recycling the whole group of HM. Np can be partitioned during the 
PUREX process, although this procedure has not yet been fully developed on an 
industrial scale. Regarding Cm, it seems to be advisable to store it temporarily, while 
waiting for its decay into Pu (the half-life of Cm244 is around 18 years). On the other 
hand, the separation of Cm from Am is quite challenging as well because of their 
similar chemical behavior. Then, storing Cm could entail storing Am together. 
However, Am and Cm could be recovered in some smaller dedicated facilities and 
reused in dedicated assemblies (heterogeneous recycle) for critical reactors or for 
Accelerator Driven Systems (ADS). In this connection, it is important to take into 
account that [Bomboni et al. 2009a]:  
 
− Depending on neutron spectrum, recycling Cm entails the production of not-
negligible quantities of Cf252, which is a very strong neutrons emitter (much 
stronger than Cm itself, Table 3) and, consequently, which is very difficult to 
be managed  
− The opportunity of recycling Am without Cm has to be deeply assessed: 
indeed, it does not reduce the long–term radiotoxicity very much (not more 
than a factor 10 o less, due to the production of Cm from Am by neutron 
capture). That means, a challenging procedure of partitioning could 
eventually not be very effective from the long-term radiotoxicity reduction 
point of view   
− In principle, building dedicated facilities for recycling Am and Cm could not 
be economical 
 
As far as transmutation is concerned, a single reactor concept is probably not enough to 
burn HM effectively, but this purpose may be reached by chains of different reactors, 
each doing what the others are not able to do (see Par. 1.5). LWRs can be considered the 
starting point of all the possible chains, due to their current large diffusion worldwide, 
their proven technology and reliability as well as, last but not least, the large amounts of 
LWR SNF that are available worldwide. In addition, as shown above, LWR SNF is rich 
in fissionable elements. Nevertheless, it is not possible to burn HM completely in LWRs 
because of neutronic and technological reasons. Instead, HTRs and FRs have a larger 
flexibility from the point of view of the fuel choice. While HTRs can burn Pu as a 
fertile free fuel, FRs can exploit Pu by breeding U238, thus increasing largely the 
availability of nuclear fuel. Furthermore, the good neutron economy of the fast spectrum 
enables us to transmute even Pu isotopes and MA as well. Thorough analyses are 
requested in order to use new TRU-based fuels, particularly as far as the dynamic 
behavior of the core is concerned. In fact, the introduction of large fractions of Pu and 
MA tends to make worse safety parameters like the Fuel Temperature Coefficient (FTC) 
and the effective delayed neutrons fraction (βeff). Thus, it is advisable to design cores 
with a very good neutron economy, which are able to reach and maintain the criticality 
also with small fractions of Pu. 
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After a quick overview of the state of the art in the P&T technology (Par. 1.4), on the 
basis of the considerations outlined up to now, the concept of symbiotic fuel cycle is 
presented at the end of this chapter. This foreword permits us to explain the background 
on which the idea of linking LWRs, (V)HTRs and GCFRs in a “symbiotic” way is 
based.  
 
1.4 A brief overview of the state of the art in the materials and 
the technology of partitioning and transmutation (P&T) 
We are now aiming at summarizing just the main aspects of the very wide and complex 
issue of P&T, to focus on what is useful to know in the frame of the present study (we 
refer to the literature available for further information). 
 
As far as the technology of advanced fuels for transmutation is concerned [Ogawa et al., 
2005; Warin, 2008; IAEA 2009a], different options are currently considered. The main 
issue is the very different chemical behaviour of the different actinides. That entails 
that, at least in principle, the “classic” fuel forms like oxides, successfully used up to 
now for U- and (U,Pu)-based fuels, are not directly applicable to MA-bearing fuels. 
Furthermore, in order to obtain a high level of transmutation, the fuel should be 
irradiated up to very high burn-ups, then it should be particularly resistant to radiation 
damage. Key-points for the choice of a transmutation fuel are also the thermal 
conductivity and the density: carbides and nitrides are particularly favourable regarding 
these aspects, conversely carbides and nitrides of Am are volatile and then extremely 
difficult to treat, while carbides and nitrides of Cm are still poorly known [Somers, 
2008]. An other important aspect to consider is the strong production of He in MA-
based fuels due to the transmutation of Am241, which could cause too pronounced 
swelling rate. Thus, experiments were and are being carried out on (U,Pu,MA)- or MA-
bearing oxides, nitrides [Arai et al., 2008], carbides [OECD/NEA, 2005], metals 
[Pasamehmetoglu, 2008], for thermal and fast reactors. Of course, the fuel form is 
dependent not only on the kind of reactor (thermal or fast), but also on the type of cycle 
(heterogeneous or homogeneous) and on the reprocessing envisaged as well.  
When we are talking about transmutation fuels, an other interesting option to mention is 
the concept of fuel dispersed in a matrix: the Inert Matrix Fuel (IMF) consists of a 
neutron-transparent matrix (generally with good thermal conductivity) and a fissile 
phase that is either dissolved in the matrix or incorporated as macroscopic inclusions. 
The matrix plays the crucial role of diluting the fissile phase to the volumetric 
concentrations required by reactor control considerations, the same role U238 played in 
conventional low enriched uranium (LEU) or MOX fuel. The key difference is that 
replacing fertile U238 with a neutron-transparent matrix eliminates plutonium breeding 
as a result of neutron capture. A lot of different materials are potential candidates, 
among which oxides, but also metals, carbides and nitrides have been found to be 
acceptable in specific cases. Just as an example for the He-cooled high temperature 
reactor technology, two typical IM materials are silicon carbide (SiC) and Zirconia 
Stabilised Yttrium (ZRS) [IAEA, 2006], as we are going to see in the next chapters. 
Finally, an other important topic in the frame of transmutation is the concept of 
dedicated (partially moderated) assembly for burning MA in FRs: in order to exploit 
better the intense flux of FRs, introducing a MA-bearing fuel mixed with moderating 
material in certain zones of the core can maximise the transmutation rate of these 
nuclides. As far as the moderators are concerned, a lot of different materials have been 
considered for these dedicated assemblies: for example, hydrides are a particularly 
promising option, since they are very good moderators because of their H content. 
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However a not-negligible disadvantage is their relatively “low” (at least as far as He-
cooled advanced reactors are concerned; see Ch. 2) operating temperatures (<800 °C, 
[Newton et al., 2003]).  
 
As far as the reprocessing/partitioning technology of advanced fuels is concerned, a few 
processes have already developed at the laboratory scale obtaining the target efficiency 
(see Table 4 for some examples of processes developed in Europe [Warin and Boullis, 
2008]). This is a very important point, since the feasibility of some options has been 
demonstrated, even though not at industrial scale yet. Indeed, we should keep in mind 
that, to have any significant impact on reducing the long term radiological toxicity of 
high level nuclear waste streams, minor actinide recovery requires an high efficiency – 
in the range of 99.9% [IAEA, 2009a]. Along with a few aqueous partitioning processes, 
pyrochemical ones are to be mentioned: indeed, they are a very attractive option for 
high burn-up fuels, since they are based on fuel dissolution in molten salts from which 
individual actinides are selectively precipitated by electrorefining. While aqueous 
processes are based on organic molecules that are scarcely resistant to radiolysis, molten 
salt are highly stable in all the possible conditions. Furthermore, whereas aqueous 
processes require mainly oxide fuels5, pyrochemical processes allow for treating each 
type of fuel form and for recovering virtually each kind of element. Nevertheless, they 
are currently characterized by low recovery efficiencies, very corrosive reagents, and 








Partitioning of Np, I, Tc (in 
addition to U and Pu, like in 
the classic PUREX) 
>99.9 
DIAMEX 




Separation of (Am, Cm) from 
Ln 
>99.9 
SESAME Separation of Am from Cm >99.9 [Tuček, 2004] 
GANEX6 
Pu, Np, Am and Cm co-
extraction 
>99.9 for U; experiments now 
running for Pu, Np, Am and Cm 
in the ATLANTE facility 
Pyrochemical 
processes 
Each element could be 
extracted by electrorefining 
Not available; generally low 
[Tuček, 2004] 
Table 4 – Summary of some advanced processes for An partitioning  
 
Before closing this short paragraph dedicated to these crucial technological aspects, it is 
interesting to show an estimate of the current and future inventory of actinides (Figure 
2, [IAEA, 2009a]). As of the year 2006, it is estimated that about 110 tonnes of MA are 
contained in spent fuel storage worldwide, and other 40 tonnes are contained in high 
level waste products from reprocessing. In the absence of partitioning and 
transmutation, their amount will double by the year 2020 [IAEA, 2009a] 
To conclude the present chapter, let us deepen a little the last “innovative” concept 
introduced by Gen. IV: the concept of “symbiotic” fuel cycle, object of the next 
paragraph. 
                                                 
5 If the fuel form is different (e.g. nitride or carbide), it is necessary to convert it into oxide before 
reprocessing [Somers, 2008] 
6 The difficulty of such a process is justified by non-proliferation issues; see Par. 1.1  





Figure 2 – Estimated inventory of minor actinides worldwide  
 
1.5 The concept of “symbiotic” fuel cycle 
As introduced above, a key concept of Gen. IV Initiative is a mixed nuclear fleet, where 
the different reactors counterbalance their mutual weak points, in order to obtain a fully 
sustainable nuclear energy production. That is particularly true as far as nuclear waste 
transmutation is concerned. A few different integrated cycles were proposed up to now7: 
generally, they are rather complex cycles, whose starting point is the current or the 
advanced (i.e. belonging to Gen. III/III+, like EPRTM) LWR fleet. The LWR SNF 
constitutes the “fresh” fuel for the innovative Gen. IV reactors. Each cycle has its 
advantages and drawbacks, and a fully satisfying (even if theoretical) solution has not 
been found yet. In addition, due to the extreme complexity of MA behavior from the 
core kinetics point of view, some integrated cycles also envisage a dedicated “sub-“part 
with ADS [OECD/NEA, 2006c]. Some additional examples are supplied in Figure 3 
and Figure 4 [Van Der Durpel, 2008]. 
In this connection, it is interesting to briefly mention some observations of a study by 
NEA [OECD/NEA, 2006c]. Three kind of possible fuel cycles may be recognized:  
 
a. Cycles based on the “current industrial technology and extensions”, where only 
LWRs and, if necessary, CANDUs are involved and only one recycle of HM is 
envisaged 
b. “Partially closed fuel cycles”: these cycles are fully closed only for Pu; in some 
schemes a single recycle of some MA is envisaged in LWRs or FRs 
c. “Fully closed fuel cycles”: all the advanced reactor concepts, ADS included, 
could be involved; only HM losses and FPs go to the geological repositories; 
pyrochemical reprocessing is envisaged 
 
Hence, a key feature of the complete transmutation of HM underlined by this study is 
the following: in a full closed fuel cycle “all actinides are recycled continuously until 
their fission”. That implies, a closed fuel cycle cannot be achieved without multiple 
recycling of all HM.  
                                                 
7 For other examples, please see reference IAEA, 2009b 




Aim of the present work is to analyze an advanced fuel cycle, based on innovative He-
cooled reactors, which may maximize the exploitation of natural resources, minimize 
the final mass and radiotoxicity of the waste and be proliferation resistant. Although 
longer and deeper analyses are still requested, it is possible to draw a first assessment 
highlighting the potentialities of a kind of symbiotic cycles based on two of the most 
promising Generation III+/IV reactor concepts, i.e. (V)HTR and GCFR.  
This cycle does not aim at being “the” solution: instead, it could be considered as an 
interesting, reasonably feasible possibility among the others, which could satisfy the 
exigencies of particular socio-political scenarios.  
 



































































































Figure 3 – Examples of symbiotic fuel cycles (1/2) 

































































Chapter 2 – The Helium cooled advanced 
reactors: main characteristics and 
potentialities of burning Transuranics 
elements 
2.1 The High Temperature gas-cooled Reactor (HTR) 
Developed since the middle of 1950s, the High Temperature gas-cooled Reactor (HTR 
or HTGR) is one of the most promising Gen. III+/IV concepts. The peculiarities of this 
kind of reactor can be summarized as follows [Bende, 1999]: 
 
− Fully ceramic core 
− Helium as coolant (which is inert both from neutronic and chemical point of 
view; that makes possible a high-efficiency direct Brayton cycle) 
− Semi-heterogeneous fuel, composed of tens of thousands of micro-spheres 
embedded in a matrix of graphite. That allows for a great flexibility as far as 
the fuel composition is concerned (see later) 
− Graphite as moderator and reflector 
− High thermal capacity and low power density (2÷3 kW/l) that make 
incidental transients very slow 
− High surface-to-volume ratio of the coated particles in combination with the 
high heat conductivity of the graphite, which provides for an efficient heat 
transfer and a small temperature difference between the fuel kernels and the 
graphite matrix and, on the other hand, a small temperature difference 
between the centre of the fuel assembly  and its surface. These small 
temperature differences enable relatively high overall fuel temperatures 
− High degree of passive safety, due to the combination of all these 
characteristics  
 
All these features allow for high operative temperatures (>800 °C), which make the 
plant global efficiency very high, particularly when the direct Brayton cycle is realized 
(in this case, the efficiency may be close to 0.50). Furthermore, the use of helium as 
coolant and of graphite as moderator and structural material entails reduced parasitic 
captures and then a very good neutron economy. Moderator separated from a 
neutronically inert coolant allows for changing the lattice parameters without changing 
dramatically the cooling conditions. As an example, if a loss of coolant occurs, the 
spectral shift is less important than in an LWR and the void coefficient remains 
negative. This implies a very large flexibility in the choice of the fuel and of the fuel 
cycle (e.g., in principle HTR can be loaded by Pu without fertile material [Bende, 
1999]; an other interesting option is the possibility of using a Pu/Th fuel [Bomboni et 
al., 2008a],[Mazzini et al., 2009]).  




The key point of HTR is the fuel form. The fuel assemblies consist of cylindrical or 
spherical graphitic elements containing thousands of micro-particles of carbides or 
oxides of HM. The present work focuses on HTR loaded with spherical fuel elements: 
the so-called “pebble-bed” core. It is worth remembering that some important examples 
of HTR realized in the past are pebble-bed (e.g. the German AVR), as well as that the 
only HTR currently “scheduled to be first commercial scale HTR in the power 
generation field” [http://www.pbmr.co.za], the Pebble Bed Modular Reactor (PBMR), 
is a pebble-bed one as well. 
The pebble-bed HTR is fuelled with graphite spherical fuel elements (Figure 5 
[http://www.pbmr.co.za]) of 6 cm diameter. Within these pebbles one can distinguish a 
fuel-free outer shell with a thickness of 0.5 cm and a fuel zone with a diameter of 5 cm 
in which tens of thousands of tiny coated fuel particles (CP) are embedded. The heart of 
such a coated particle is the fuel kernel, which has a diameter of 200÷500 µm, while the 
CP diameter can vary between 500÷1000 µm.  The fuel kernel is surrounded by a few 
layers, each with a different function: 
 
− A first layer of porous graphite, which provides the volume for the expansion 
of fission gases and volatile FPs, and attenuates fission recoils 
− An inner layer of Pyrocarbon (PyC), which sets the substrate for the SiC 
layer 
− A layer of SiC, which retains the gas and metal fission products and provides 
the mechanical resistance 
− An outer PyC layer, which sets a bonding surface for compacting and acts as 
fission products barrier in particles with defective SiC 
 
 
Figure 5 – HTR coated particle structure  
 
Such a fuel element is a sort of miniature pressure vessel. The coatings of these particles 
provide for the retention of fission products up to very high temperatures (1600 °C). 
The cylindrical core of the pebble-bed reactor consists of a core cavity that is enclosed 
by axial graphite reflectors, at the bottom and the top, and by an annular cylindrical 
graphite reflector. The core cavity is filled with pebbles which constitute the actual 
pebble-bed (Figure 6 [de Haas and Kuijper, 2008]).  
Previous studies showed that the pebble-bed HTR has great potential as a plutonium 
burner because of the following properties [Bomboni et al. 2008a; Bomboni et al., 
2008b]: 





− Continuous refuelling, which enables the pebble-bed reactor to remain 
critical without any large excess of reactivity at Beginning Of Cycle (BOC). 
This is realised by adding fresh pebbles on top of the pebble bed and/or by 
extracting irradiated ones from the bottom 
− Ultra-high burn-up: coated particles dedicated to burning of plutonium were 
fabricated and tested in irradiation experiments up to 740 GWd/tHM 
[Rodriguez et al., 2002], that entails an incineration of about three quarters of 
the initial heavy metal content  




Figure 6 – PBMR core layout  
 
After this short overview of the unique features of HTR systems, let us have a look at 
the main parameters of the PBMR system proposed in the framework of the EU PuMA 
project [http://www.puma-project.eu], which will be the reference HTR system in the 
following of our study (Table 5 [de Haas and Kuijper, 2008]). As far as the fuel is 
concerned, the main pebble parameters are shown in Table 6 [de Haas and Kuijper, 
2008].   
 






PBMR Characteristic Value 
Installed thermal capacity 400 MWth 
Installed electric capacity 165MWe 
Core configuration Vertical with fixed centre graphite reflector 
Fuel TRISO coated particles in graphite spheres 
Primary coolant Helium 
Primary coolant pressure 9MPa 
Moderator Graphite 
Core outlet temperature 900°C 
Core inlet temperature 500°C 
Total inlet He mass flow rate 192.7 kg/s 
Equivalent core outer radius 1.85 m 
Cylindrical height of the core 11.0 m 
Total core volume 83.72 m3 
Fixed central column graphite 
reflector radius 
1.0 m 
Table 5 – Major Design and Operating Characteristics of the PBMR  
 
Description Value 
Fuel pebble  
Fuel pebble outer radius 3.0 cm 
Thickness of fuel free zone 0.5 cm 
Total heavy metal loading per fuel pebble 2.0 g 
Matrix density 1.74 g/cm3 
Packing fraction in pebble bed 61 % 
Coated Particle  
Kernel Coating Material C / C / SiC / C 
Layer thickness 90 / 40 / 35 / 40  µm 
Layer densities 1.05 / 1.90 / 3.18 / 1.90  g/cm3 
Fuel kernel  
Fuel kernel diameter 200 micron 
Kernel material type PuO1.7 
Pu-oxide density 10.89 (95% TD) 
Table 6 – Fuel Element Characteristics  
 
The capability of reaching ultra-high burn-ups, coupled with the possibility of using 
fertile-free fuels, makes the pebble-bed HTR a very good plutonium burner. However, a 
not-negligible production of higher MA (i.e. Am and Cm) is the major drawback of 
transmutation performed in this kind of core [Bomboni et al. 2008a; Bomboni et al., 
2008b]. Thus, if we aim at reducing the LOMBT of the final waste, an other 
symbiotically coupled reactor is necessary to burn MA effectively. This task can be 
potentially performed by a GCFR, which is the subject of next paragraph. 




2.2 The Gas-Cooled Fast Reactor (GCFR) 
As already explained in Ch. 1 and reminded in the former paragraph, the Gen. IV 
proposes new reactor concepts to reach a sustainable nuclear power production. Among 
the others, GCFR (which has already been studied in the early 1970s) is a particularly 
promising type. Incidentally, it is the only one for which a fully closed, all-FR cycle 
[OECD/NEA, 2006c] is envisaged. As known, the SFR is the concept that has reached 
the highest level of development among FRs up to now. Nevertheless, in comparison 
with sodium, gas coolants have advantages for fast reactor applications [van Rooijen, 
2009]: 
 
− Chemical compatibility with water, obviating the need of an intermediate 
coolant loop, and generally a good chemical compatibility with structural 
materials (if He is chosen as coolant, a full compatibility with all materials is 
obtained) 
− Negligible activation of coolant 
− Optically transparent, simplifying fuel shuffling operations and inspection. 
− Gas coolants cannot change phase in the core, reducing the potential of 
reactivity swings under accidental conditions 
− Strong reduction of the void worth in comparison with Sodium 
− Harder neutron spectrum, which increases the breeding potential of the 
reactor 
− Since gas coolants have a low number density, one can allow a larger coolant 
fraction in the core without an unacceptable increase in parasitic capture 
 
Of course, some disadvantages have made difficult the development of GCFR. All these 
disadvantages essentially derive from the very poor specific heat capacity of gases in 
comparison with liquid coolants, which entails: 
 
− Necessity of artificial roughening of the cladding to maintain acceptable 
cladding temperature, resulting in an increased pressure drop over the core, 
and a higher requirement on pumping power 
− Need to maintain high pressure in the system (for He-cooled systems, 7 MPa 
are needed)  
− Higher pumping power compared to liquid coolants 
− High coolant flow velocity, which can lead to significant vibrations of the 
fuel pins 
− Difficulty of extracting the decay heat from an high power density core, 
particularly following a depressurisation event (this is a key point in the 
framework of the passive safety features of Gen. IV systems) 
 
Nevertheless, GCFR is a very interesting option, particularly as far as the He-cooled one 
is concerned. Like for thermal HTR, in principle Helium allows for realising a direct 
Brayton cycle with high efficiency (about 50%). The He outlet temperature is around 
850 °C, then the core has to be completely ceramic. As a backup option, an indirect 
cycle is envisaged: for this design, a secondary circuit with supercritical CO2 (25 MPa, 
650 °C) is envisaged, realizing a cycle with a similar efficiency [van Rooijen, 2009]. 
In this study, the plate-type GCFR 2400 MWth “E” proposed by CEA is considered 
[Richard et al., 2006], since it is the most recent and perhaps the most promising among 
the others. It is however to remember that at the time of writing no definitive 




configuration has been fixed for the GCFR core design, and a few different concepts are 
under study (e.g. the pin-type core).   
Thus, let us have a look at the main design parameters of the plate-type GCFR in Table 
7 [Richard et al. 2006; Girardin et al., 2006]; a core layout overview is supplied in 
Figure 7 [Girardin et al., 2006]; the geometry of a typical fuel assembly is shown in 
Figure 8 [Richard et al. 2006], while the main fuel plate characteristics are in Table 8 
[Richard et al. 2006]. 
 
Thermal Power [MWth] 2400 
Power density [kW/l] 100 
Specific Power [W/gHM] 40 
Height/Diameter (H/D) ratio 0.63 
Theoretical Breeding Gain 0.0 
Fissile Height [mm] 2300 
N° Fuel assemblies 162+120 
N° Control rods 24 
N° Reflector assemblies (Mixture of Zr3Si2, SiC 
and He) 
168 
Nominal Coolant Pressure [MPa] 7.0 
Helium inlet temperature [°C] 480 
Helium outlet temperature [°C] 850 
Maximum clad temperature [°C] 985 
Maximum fuel temperature [°C] 1860 
Coolant volumetric fraction [%] 30.8 
Structural material volumetric fraction [%] 20.8 
Helium pressure drop through the core [bar] 1.6 
Average coolant speed through the core [m/s] 85 
Table 7 – Main core parameters of GCFR 2400 MWth “E”  
 
 
Figure 7 – GCFR 2400 MWth “E” core  
 




It is interesting to note the high H/D ratio in comparison with the typical values of FRs 
(“pancake cores”) and the “zero” Breeding Gain (BG): in agreement with the non-
proliferation principle of Gen. IV, a breeding blanket of DU is not envisaged, because it 
could pose proliferation concerns (due to the production of Pu with a high content in 
Pu239). As known, in order to improve the breeding of an axial blanket, high levels of 
leakages are requested, hence a low H/D ratio. On the contrary, a higher H/D ratio 
reduces the leakages and improves the neutron economy. Since the GCFR design aims 
at reaching a “self-sustainable” cycle, i.e. a production of fissile material which is equal 
to its consumption, an optimal H/D has to de adopted: the H/D ratio has to be high 
enough in order to sustain the cycle without external addition of fissile material and/or 
the presence of fertile blankets, but at the same time, it should not be too high for 
thermal-fluid-dynamics reasons [van Rooijen, 2009].  
As far as the fuel composition is concerned, it is interesting to observe: 
 
− the specificity of the fuel form: a honeycomb structure of SiC embedding 
fuel pellets of (U,Pu)C (Figure 9 [van Rooijen, 2009]) 
− the high density of HM obtained with carbide fuel 
− the elements composing the core (except for HM): Si, C, He, Zr, which 
minimize parasitic absorptions 
 
The choice of materials along with a quite high H/D ratio makes the neutron economy 
of this core very good [Bomboni et al. 2008a; Bomboni et al., 2008b]. This positive 
feature allows for very high irradiation lengths, a relatively small fissile inventory, a 
large flexibility in the choice of fuel compositions and the possibility to insert dedicated 
targets for transmutation without a significant reduction of the core performances. All 
these aspects will be treated in Ch. 5 and 6. In addition, we can observe that a small 
volumetric fraction of the core (1.5% vol., i.e. 3.1% of the fuel) is composed of a liner 
(various compositions for the liner are envisaged and no definitive choice is still 
available). It acts as catcher of the volatile FPs [Girardin et al., 2006].  
 
 





Ext across-flat          210 mm
Thickness 3 mm
Plate thickness        8.7 mm
Clad thickness         2 × 1 mm
He blade thickness         4.0 mm
Gap 3 mm
Plates 24 (8 × 3)
 




Figure 9 – Honeycomb structure of GCFR fuel plates    
The fuel disks are 10÷11 mm diameter 






(U,Pu)C fraction (% vol) 53.1 
SiC (% vol) 16.1 
Helium (%vol) 27.7 
Liner (% vol.) 3.1 
Pu enrichment (% at) 18 
(U,Pu)C – TD  13.6 
(U,Pu)C – HM theoretical density 8 12.9 
(U,Pu)C 85% TD 
Density [g/cc] 
SiC 3.16 
Thermal conductivity of 
(U,Pu)C [W/mK] 
19.6 
Table 8 – Main fuel plate characteristics  
 
 
After this overview of the main characteristics of He-cooled advanced reactors, let us 
see in the following chapters of this thesis how to combine them in order to reduce 
effectively the amount and the radiotoxicity of nuclear waste. 
                                                 
8 For comparison, HM density in UPuO2 is equal to 9.7 g/cm3; HM density in UPuN is equal to 13.5 
g/cm3 [van Rooijen, 2006] 









Chapter 3 – The LWR-HTR-GCFR symbiotic 
fuel cycle 
3.1 Motivation, description and main hypotheses 
In this chapter we are summarizing the most relevant issues presented previously, in 
order to introduce our analysis of the LWR-HTR-GCFR integrated cycle. Furthermore, 
some preliminary survey calculations are shown.  
In Ch. 1 we saw the potentialities of recycling the LWR SNF and the main 
technological constraints we have to deal with in order to approach this target. A few 
different integrated fuel cycles have been already proposed in order to exploit the whole 
energetic content of the HM coming from mine.  
Among the others, the LWR-HTR-GCFR fuel cycle aims at exploiting Pu and Np from 
the current nuclear waste (i.e. LWR SNF) as a fresh fuel firstly for HTR and, thereafter, 
as a driver fuel for the GCFR core loaded with DU (Figure 10). At least at the moment, 
this kind of cycle should not require the extraction of new material from mines in 
principle, because there is plenty of LWR SNF and of DU worldwide. 
We have already seen in Ch. 2 the main characteristics of advanced He-cooled reactors, 
which we are just summarizing hereafter.  
Some previous studies [Bomboni et al., 2008a] showed that HTRs are able to be loaded 
with a wide variety of fuels (mixed oxides of U, Pu, Th, MA and fertile-free fuels) 
thanks to their inert coolant (Helium) and their unique fuel elements (described in Ch. 
2). Indeed, He as coolant is not corrosive, it makes neutronics almost independent of 
thermal-fluid-dynamics and it makes the neutron economy better because it does not 
capture neutrons parasitically. The HTR fuel elements are made up of CPs embedded in 
a graphite matrix. These elements are able to reach an ultra-high burn-up (around 750 
GWD/tHM) without significant FP leakages.  
Furthermore, GCFR is a reactor concept coupling the advantages of He as coolant (in a 
fast spectrum, that entails a smaller void effect and an harder spectrum) with what is 
peculiar of fast reactors (harder spectrum and higher fluencies). These characteristics 
result in a very good neutron economy, in a large flexibility from the fuel choice point 
of view and in a  quite good capability of burning MA. 
If a HTR core is loaded with fertile-free fuels (i.e. without Th or U), the Pu 
consumption is maximized. However, a part of this Pu does not be fissioned, but it 
transmutes into heavier elements, i.e. Am and Cm nuclides, by successive neutron 
captures. Additionally, after 600 GWd/tHM of burn-up, the Pu isotopic composition is 
very degraded, because it becomes rich in even isotopes that are poisons in thermal 
spectrum and that are quite strong neutrons emitters (this aspect is relevant to 
proliferation resistance). However, this Pu can be used with DU as a fresh fuel for a 
core characterized by a very good neutron economy, like GCFR. Regarding Am and 
Cm, in principle they could be loaded and burnt in dedicated assemblies; they could also 
be stored, temporarily (e.g. while waiting for Cm decay into Pu) or permanently in 
geological repositories, because of their relatively small amounts (as we will see later). 
 







Figure 10 – Sketch of the integrated LWR-HTR-GCFR fuel cycle 
 
It is important to take into account that the cycle proposed aims at being a 
technologically feasible cycle minimizing the current amount of HM coming from the 
LWR cycle. This is a key point to bear in mind: indeed, that only justifies the choice of 
introducing HTR between LWR and GCFR to burn as much Pu as possible. On the 
other hand, it is necessary to say that it is better to directly load FR cores with Pu from 
LWR in other conditions, e.g. when a cycle of transition from a LWR park to a FR park 
is desired. In this case, Pu is the driver fuel necessary to start a FR fleet and should be 
reserved for this aim [Tuček et al., 2008]. 
In Ch. 4 we will have a look at the burn-up calculation performed on a simplified 
PBMR-400 model, while Ch 5 is dedicated to GCFR burn-up calculations. In the 
current chapter, some preliminary sensibilities are shown, since they explain the final 
choices retained for the LWR-HTR-GCFR fuel cycle proposed, of which we are going 
to evaluate the performances in terms of HM amount reduction. 
Before going on, in the next paragraph we will have a quick overview on the calculation 
codes used to perform our analysis.  
3.2 Codes and libraries used for the LWR-HTR-GCFR cycle 
analysis 
The cycle proposed has been analyzed by means of a coupled Monte-Carlo (MC)-
depletion calculation code: MonteBurns2.0, which is based on MCNP and ORIGEN 
codes. 
MCNP [Briefmeister, 2005] is a general purpose 3D MC code that can be used for 
neutron, photon, electron and coupled neutron/photon/electron transport, including the 
capability to calculate the eigenvalues for critical systems. The current version has new 
interesting features, among which the capability to treat stochastic geometries like that 
characterizing HTR cores. As a general neutronic code, MCNP is able to calculate 




fluxes, one- or multi-group cross sections and other parameters typical of nuclear 
systems. 
ORIGEN [Croff, 1980] is a deterministic depletion code based on the matrix 
exponential method. ORIGEN needs initial quantities of each material in the system, 
one-group cross sections, total power and irradiation time of the system being analysed 
to calculate its burn-up. If necessary, the user can supply feed and/or removal rate of 
each material to be burnt.  
Monteburns [Poston and Trellue, 1999] is a code coupling MCNP with a depletion code 
in order to perform burn-up calculations. It consists of a Perl script interacting with a 
FORTRAN77 program (monteb.f).  Particularly, Monteburns2.0 requires Active PERL 
5.6.1 build 635 for Windows. The current version 2.0 is able to use MCNP-4C, MCNP5 
or MCNPX2.5 with ORIGEN2.2 or CINDER90. The flowchart in Figure 11 shows how 
Monteburns works [Poston and Trellue, 1999]. 
The primary way in which MCNP and ORIGEN interact through MONTEBURNS is 
that MCNP provides one-group microscopic cross-sections and fluxes to ORIGEN for 
burn-up calculations. After ORIGEN and MCNP have been run, results for each burn 
step are written into output files, and the isotopic compositions obtained from ORIGEN 
are used to generate a new MCNP input file for the next burn step. This MCNP input 
file contains the adjusted composition and density of each material being analysed. To 
increase the accuracy of the burn-up calculation, a “predictor” step is used in which 
ORIGEN is run halfway through the designated burn step. One-group cross-sections are 
then calculated at the midpoint of the burn step by MCNP. This assumes that the 
nuclides of the system at the midpoint are a reasonable approximation of the nuclides 
over the entire burn step (actually it is important only that the neutron flux energy 
spectrum be representative of the entire burn step). The user must be aware of this 
assumption and consequently ensure that burn intervals are not too long. After the 




Figure 11 – Monteburns workflow  
 
Monteburns supplies, as output data, what follows: 
 
− Keff vs. time 
− Recoverable energy per fission vs. time 
− Neutron flux vs. time 
− Macroscopic fission cross section per material vs. time 




− Power generation vs. time 
− Burnup vs. time (GWd/ton of heavy metal) 
− (n,γ), (n,f) (n,2n) microscopic XS per material vs. time 
− Flux spectrum vs. time 
− Grams of material vs. time 
− Activity of material vs. time 
− Inhalation and ingestion radiotoxicity vs. time 
 
In the proposed work MCNP5 and ORIGEN2.2 are used. 
In order to obtain the best reliability, we used the most recent cross section libraries we 
have at that moment. Consequently, we chose the JEFF3.1 [Haek and Verboomen, 
2006] libraries for MCNP code. Anyway, for cross sections not provided by MCNP, 
ORIGEN uses values from its own library. ORIGEN libraries are supplied as one-group 
tables of data, each of which is somewhat representative of a given type of reactor. They 
are substantially based on ENDF/B-IV nuclear data. Unfortunately, there is not a library 
relevant to HTR of GCFR systems and consequently we used the generic 
THERMAL.LIB file for calculations on PBMR-400, and the FFTC.LIB file (library 
developed to simulate fast reactor spectra) for the GCFR core.  
 
We performed our criticality calculations with 1000 initial particles. The number of 
cycles was adjusted in order to reach a standard deviation on keff smaller than 200 pcm. 
For calculating reactivity coefficients, the target standard deviation for our calculations 
is smaller than 100 pcm. These values were chosen on the basis of our preliminary 
experience, as a compromise between accuracy and calculation time [Bomboni et al., 
2010]. Concerning MB2.0 burn-up calculations, we considered 25 days as length of 
each irradiation step.  
All the calculations here presented were performed on the same platform Intel® 
Pentium© Quad-core PC (4 Gb RAM). Some typical calculation times are the 
followings: 
 
− 25÷30 hours for an infinite lattice of pebbles, burn-up target 750 GWd/tHM 
− 30÷35 hours for a PBMR 1-zone full core burn-up calculation, burn-up 
target 750 GWd/tHM 
− 100÷110 hours for a GCFR 1-zone full core burn-up calculation, burn-up 
target 100 GWd/tHM 
 
3.3 Preliminary analyses 
Before starting more accurate calculations, a survey was performed in order to 
preliminarily investigate the different options  available. 
The main approximations introduced in these survey calculations are the following: 
 
− HTR pebble-bed reactor modeled as a single pebble with white reflection as 
boundary condition; it contains 2 g HM-oxide (PuO1.7 as 1st composition; 
(Pu,Np,Am)O1.7 as a 2nd composition; (Pu,NP)O1.7 as 3rd composition); this 
average pebble produces a constant power that is equal to 1 kW. The pebble 
temperature is uniform and equal to 1200 K (for further details related to 
pebble models in MCNP, see Bomboni et al., 2009b) 
− GCFR (2400 MWth, core “E”) modeled explicitly but with axially and 
radially constant temperatures and fuel compositions. Each material (fuel, 




structural, coolant) is at a temperature that is different from the temperature 
of the other materials. Particularly, the fuel temperature is equal to 1200 K, 
while the coolant and the structural materials are kept at 900 K 
− The initial core of GCFR is considered instead of the equilibrium core  
− Control rods, fuelling schemes and power variations have been neglected 
 
Three initial fuel compositions have been used for HTR, as explained in Figure 12. In 
this scheme, each composition is burnt in HTR, then it is reprocessed. Pu and Np are 
recovered and used as driver fuel of the GCFR core, while Am and Cm along with FPs 
go to the repository. Figure 12 shows that Am and Cm could be recovered in a 
dedicated facility and loaded in some dedicated assemblies to burn in GCFR. Of course, 
composition II (i.e. Pu+Am+Np tout venant from LWR) might not be feasible, 
nevertheless it has been considered as a term of comparison. Indeed, it could be useful 
in order to evaluate the impact of Am in the fuel. It is interesting to observe that HTR is 
able to reach very high burn-ups with all the proposed compositions (i.e. more than 500 
GWd/tHM) and that GCFR is able to work with only 18% of Pu+Np previously 
irradiated in HTR. Considering the low quality of Pu coming from HTR, the very good 
neutron economy of the GCFR is highlighted. Fuel compositions at End Of Cycle 
(EOC) are shown in Figure 13 and Figure 14. 
 
 
Figure 12 – Summary of the preliminary analyses performed 
 









































































































































Figure 14 – Masses of TRU nuclides at EOC for the three initial compositions in GCFR 
 
Table 9 and Table 10 show the FTC of HTR at BOC and the FTC, the Void Coefficient 
(VC) and the effective delayed neutrons fraction (βeff) of GCFR at BOC respectively, as 
a function of the fuel compositions. Production/destruction per unit energy of the 
different elements are summarized in Table 11 and Table 12. Negative values in Table 
11 mean burning of the considered element. Values in the last three rows in Table 12 
have been calculated taking into account the mass balance on the whole cycle (for each 
combination of fuels). In this connection, it is to remember that each reactor of the 




considered chain is completely different from the others in kind, size, fuel inventory. 
Consequently, to assess the performances of the whole cycles, it has been assumed that 
all the useful material from a reactor (i.e. Pu, or Pu+Am+Np, or Pu+Np from LWR, and 
Pu+Np from HTR) is integrally recycled by a proper number of reactors staying in the 
following ring of the chain. Additionally, the residence times of the fuel in the different 
cores are taken into account as well.  
 
Fuels Pu Pu+Am+Np  Pu+Np 
FTC[pcm/K] -2.16 -2.11 -1.16 
Table 9 – FTC of HTR at BOC 
 





1st fuel -1.56 1.81 443 
2nd fuel -0.69 1.61 434 
3rd fuel -1.87 1.57 537 
Table 10 – FTC, VC and βeff of GCFR at BOC 
 
In agreement with previous works [Bomboni et al., 2008a; Bomboni et al., 2008b], HTR 
results a very good Pu and Np burner, while GCFR burns Np and keeps substantially 
constant the amount of Pu by breeding U238. Indeed, a BG which is close to 0 is 












LWR – burn-up~33 GWd/tHM 
(initial enrichment: 3.2% U235) 
0.42 9.51 0.36 0.028 
HTR I (Pu oxide) - burn-up~650 
GWd/tHM 
4.54·10-3 -97.65 5.83 4.19 
HTR II (Pu+Am+Np oxide) - 
burn-up~600 GWd/tHM 
-5.90 -85.91 7.57·10-3 5.03 
HTR III (Pu+Np oxide) - burn-
up~550 GWd/tHM 
-6.05 -90.76 5.29 3.72 
GCFR “1st fuel” (Pu+Np from 
spent HTR – I) - burn-up~100 
GWd/tHM 
0.69 -11.78 23.17 2.35 
GCFR “2nd fuel” (Pu+Np from 
spent HTR – II) - burn-up~100 
GWd/tHM 
-8.94 -1.81 7.29 1.42 
GCFR “3rd fuel” (Pu+Np from 
spent HTR – III) - burn-up~100 
GWd/tHM 
-9.56 2.96·10-3 18.30 1.56 




































LWR – burn-up~33 GWd/tHM 0.39 951.29 
HTR I (Pu oxide) - burn-up~650 GWd/tHM 10.02 97.56 
HTR II (Pu+Am+Np oxide) - burn-up~600 GWd/tHM 5.03 92.60 
HTR III (Pu+Np oxide) - burn-up~550 GWd/tHM 9.02 97.33 
GCFR “1st fuel” (Pu+Np from spent HTR – I) - burn-
up~100 GWd/tHM 
25.52 112.93 
GCFR “2nd fuel” (Pu+Np from spent HTR – II) - burn-
up~100 GWd/tHM 
8.72 96.12 
GCFR “3rd fuel” (Pu+Np from spent HTR – III) - burn-
up~100 GWd/tHM 
19.87 107.27 
Cicle I 1.16 6.50 
Cicle II 0.67 5.65 
Cicle III 1.12 6.10 
Table 12 – Mass of  waste per unit energy for the different kind of core and for the proposed 
symbiotic cycles 
 
Analyzing these results, it is possible to deduce that: 
 
− The smallest amount of Am+Cm per unit energy can be obtained separating 
as less as possible (HTR fuel composed of Pu+Am+Np from LWR) 
− Meanwhile, a higher average mass number of the HTR fuel produces larger 
quantities of Cm per unit energy in the HTR itself and smaller in GCFR 
− Recycling the most of HM together reduces the achievable burn-up and 
makes worse some safety parameters of GCFR (e.g. reactivity coefficients) 
− Both HTR and GCFR seem to be strongly proliferation resistant because of 
the composition of Pu coming from them, regardless of their initial fuel 
composition 
− The LWR-HTR-GCFR cycle is able to produce a lot of energy reducing 
strongly the  mass of exhausted fuel per unit energy and exploiting what is 
considered “waste” in the current once-through cycle 
− A symbiotic cycle, in which each sort of reactor uses the spent fuel of the 
previous one as fresh fuel, is more efficient than a cycle involving only one 
kind of reactor as far as the total amount of waste per unit energy is 
concerned 
 
Even though the performances of the LWR-HTR-GCFR cycle appear good, the final 
waste still contains a not-negligible quantity of Am and Cm. Then, at this stage, the 
long-term radiotoxicity of the final waste is still an open issue. 
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Chapter 4 – The Pebble-Bed Modular 
Reactor (PBMR) fuelled with Neptunium and 
Plutonium from a typical LWR: calculations 
and results 
4.1 Models, calculations and results 
On the basis of what found in the previous chapter, a Np+Pu fertile free fuel is 
envisaged for PBMR. The present chapter aims at evaluating the average composition 
of fuel during and at the end of a whole irradiation cycle in the PBMR core. In fact the 
Np+Pu contained in PBMR SNF will be used as driver fuel to start a GCFR core.  
At the moment it is not possible to model and simulate the isotopic evolution vs. burnup 
of a pebble-bed reactor exactly, because of its stochastic nature, and the continuous (and 
stochastic) displacements of the fuel pebbles through the core itself. Nevertheless, there 
are some approximated models that can describe a pebble-bed core vs. burnup in a quite 
reasonable way.  
If we need general information like kinf or the isotopic evolution of an average pebble 
vs. irradiation time, a single pebble model with white boundary conditions can be 
enough. Instead, if we want to evaluate leakages, reflector effects, etc. a whole core 
model is requested. Generally a stochastic arrangement of pebbles can be reasonably 
well approximated by a regular arrangement of pebbles following a Body Centred 
Cubic (BCC) or a Column Hexagonal Point Of Point (CHPOP) structure: indeed, the 
average packing fraction of  stochastically arranged pebbles is 61% [Terry et al., 2003]. 
The packing fraction of a BCC arrangement can be 72% or less (on the basis of the 
lattice parameter); the packing fraction of a CHPOP lattice is 60.46%. However, 
respecting the average packing fraction is necessary but is not enough to adequately 
simulate a pebble-bed. Indeed, it is important to consider the effects of “artificial” 
streaming of neutrons. In a regular lattice of spheres there are preferential directions 
along which neutrons have a bigger probability to escape. That is not true in the case of 
a stochastically arrangement of spheres, where neutrons have, on average, the same 
probability of escaping in all directions. However it has been proven that a CHPOP 
lattice simulates a pebble-bed quite well and that can be adopted with confidence in 
order to do that [Chang et al., 2005]. Last but not least, it is important to remember that 
the pebble-bed of PBMR-400 is relatively narrow (i.e. 85 cm thick), and that it is 
arranged between an inner graphite column (100 cm radius) and an outer radial reflector 
(100 cm thick). Two axial reflectors (100 cm thick) are placed both at the top and at the 
bottom of the core.   
On the basis of previous considerations, we performed the same burn-up calculation on 
different pebble-bed models, in order to assess the differences and, thus, to obtain an 
average, proper isotopic vector of the PBMR fuel at EOC. 
Furthermore, since current MonteBurns2.0 code capabilities are not able to take into 
account the full temperature profile in the core, we performed two different calculations 
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for each pebble arrangements, in order to estimate qualitatively the error introduced by 
neglecting the temperature profile. Of course, this topic needs improvements and must 
be deeply studied as further development of the present work.       
Table 13 summarized the calculation parameters of each model we used. They are based 
on the model supplied in the framework of the EU PuMA project [de Haas and Kuijper, 
2008].  
For the full core simulations, for both BCC and CHPOP lattices, two different cases 
have been analysed: 
 
− Core with uniform temperatures both radially and axially (named as “1z”) 
− Core with two axial zones, each with a different temperature set (named as 
“2z”; please see Table 13)   
 
The 6-group neutron spectrum calculated with each model, at BOC and EOC 
respectively, is shown in Figure 15 and Figure 16, the keff trends are supplied in Figure 
17. Please note that quantities shown in Figure 18, Figure 19, and  Figure 20 are 
variations of the mass of a considered nuclide or element, normalized per initial HM 
mass in the model9. We evaluated these compositions after 1062.50 EFPD, 
corresponding to about 530 GWd/tHM, in order to evaluate the differences arising with 





































Table 13 – Core models analyzed: main calculation parameters 
                                                 











10 Temperatures in brackets are those related to the lower part of the core in the core model axially 
divided into two zones 
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] single pebble with white bc
full core BCC (1 zone)
full core BCC (2 zones - bottom)
full core BCC (2 zones - top)
full core CHPOP (1 zone)
full core CHPOP (2 zones - bottom)
full core CHPOP (2 zones - top)
 














































] single pebble with white bc
full core BCC (1 zone)
full core BCC (2 zones - bottom)
full core BCC (2 zones - top)
full core CHPOP (1 zone)
full core CHPOP (2 zones - bottom)
full core CHPOP (2 zones - top)
 
Figure 16 – 6-groups spectrum (%) after 1062.50 EFPD for the different core models  
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single pebble with white bc
full core BCC (1 zone)
full core BCC (2 zones)
full core CHPOP (1 zone)
full core CHPOP (2 zones)
 


























































single pebble with white bc
full core BCC (1 zone)
full core BCC (2 zones - bottom)
full core BCC (2 zones - top)
full core CHPOP (1 zone)
full core CHPOP (2 zones - bottom)
full core CHPOP (2 zones - top)
 
Figure 18 – Production of some light FPs per initial HM mass in the different core models (after 
1062.50 EFPD) 
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single pebble with white bc 
full core BCC (1 zone)
full core BCC (2 zones - bottom)
full core BCC (2 zones - top)
full core CHPOP (1 zone)
full core CHPOP (2 zones - bottom)
full core CHPOP (2 zones - top)
 









































single pebble with white bc
full core BCC (1 zone)
full core BCC (2 zones - bottom)
full core BCC (2 zones - top)
full core CHPOP (1 zone)
full core CHPOP (2 zones - bottom)
full core CHPOP (2 zones - top)
 
Figure 20 – Production of Am and Cm nuclides per initial HM mass in the different core models 
(after 1062.50 EFPD) 
 
Conversely, the isotopic composition of Pu+Np in the PBMR fuel after 712.50 EFPD 
(356 GWd/tHM) has been considered as an isotopic vector of Pu+Np to be inserted into 
the GCFR fuel. That discharge burn-up has been chosen because at that burn-up level 
all the considered models are still critical (Figure 17). Of course, in this way we 
consider the worst case as far as the waste to energy ratio is concerned, obtaining a sort 
of upper limit for this parameter. Furthermore, we assumed the fuel evolution of the 
CHPOP 1-zone model as a reference, since: 
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− No large differences between results supplied by 1-zone and 2-zone models 
(for the same geometrical arrangement) are shown; then, the simplest is 
preferred  
− Among the different models, the CHPOP geometry is one of the most 
accurate in order to simulate a pebble-bed core [Chang et al., 2004] 
 
Thus, the average composition of PBMR spent fuel (obtained with the 1-zone model) to 
be loaded into GCFR is shown in Table 14. 
 BOC [% wt] EOC [% wt] 
Np237 7.09 7.97 
Pu238 3.02 5.48 
Pu239 51.58 25.97 
Pu240 23.98 29.31 
Pu241 9.19 16.54 
Pu242 5.11 11.18 
Am241 - 0.91 
Am243 - 1.85 
Cm242  0.19 
Cm244 - 0.41 
Others - 0.19 
Table 14 – PBMR HM composition at BOC and EOC (356 GWd/tHM) 
 
Finally, the curves representing nuclide evolutions in PBMR core (obtained with the 1-






















Figure 21 – U nuclides trend in the PBMR core 
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Figure 23 – Main MA nuclides trend in the PBMR core 
 
4.2 Discussion of the results concerning PBMR-400 
irradiation cycle and models 
In agreement with previous findings [Bomboni et al., 2008a], HTR performances in 
burning HM are confirmed by the results of the present calculations. Hence, the PBMR 
core is characterized by: 
− A very good capability of transmuting Np and Pu, particularly Np237 and 
Pu239 (Figure 23 and Figure 22). Furthermore, it is interesting to note that the 
final Pu isotopic composition is very dirty, with relatively high percentages 
of the even isotopes, then useless for proliferation purposes (Table 14) 
− Constant increase of the MA beyond Pu as a function of burn-up. This is a 
positive characteristic regarding the proliferation concern as well, but on the 
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other hand MA are very difficult to manage (and radiotoxic), so their build-
up is not desirable 
Hence, we can conclude that the PBMR-400 core loaded with a fertile-free, Np- and Pu-
based fuel is essentially a burner, which is able to destroy considerable amounts of these 
elements. Then, it can be an interesting candidate for Pu stockpile reduction by fission 
(so producing energy). In contrast, its main drawback is the build-up of not-negligible 
amount of Am and Cm: a fast reactor to burn them is to envisage in order to fully close 
the cycle. Indeed, as known fast reactors are characterized by a fission/capture ratio that 
is higher than that of thermal reactors: then, HM are more fissioned rather than 
transmuted into heavier isotopes, what contributes to lighten the long-term nuclear 
waste problem11.       
Before ending the present chapter, let us spend a few words on the models used to 
perform the calculation here shown, knowing that deeper analyses of these aspects are 
further developments of the present work. As expected, the different core models will 
be characterized by different spectral distributions: particularly, the thermal tail of the 
CHPOP is the richest both at BOC and EOC (E<0.1 eV group in Figure 15 and Figure 
16). Furthermore, models split into two axial zones are not substantially different from 
the others as far as the average energy distribution is concerned. Finally, the hardest 
spectrum is that of the infinite lattice model. The BCC is between the infinite lattice and 
the CHPOP one. Indeed, the infinite lattice model does not simulate any reflectors, 
which moderates neutrons, while both BCC and CHPOP models include axial and radial 
reflectors. Previous studies [Chang et al., 2005] showed that the CHPOP lattice 
simulates a stochastic arrangement of pebble better than other kinds of lattice, because 
of smaller streaming effects. That partially explains why the spectrum is softer, on 
average, in this type of lattice. 
Keff trend changes substantially from a model to one other, but a certain similarity 
among the full core models can be recognized. In addition, spectral differences observed 
explain the differences in the keff trend: the softer the spectrum, the shorter the time 
during which the keff is higher than 1. Indeed, harder spectra are generally less sensitive 
to poisoning by FP build-up. Hence, CHPOP models become sub-critical in a shorter 
time than BCC models. 
The prediction of the isotopic composition of the fuel at EOC is fairly surprising: 
indeed, the variation of the most important nuclides vs. irradiation time does not change 
substantially passing from a model to one other. Exceptions are Cs135, Cs137, Pu240, 
Pu241, Am243 and Cm244. Again, as far as these latter nuclides are concerned, we can 
observe that for the same kind of lattice the axial temperature profile does not influence 
their final quantity, as well as a higher production per initial HM unit mass of Am and 
Cm in models characterized by a harder spectrum. This behavior can be explained by 
observing the trend in Figure 18, Figure 19, and Figure 20, but it still needs some deeper 
analysis to be fully justified. Cs135 and Cs137 absorption cross sections are strongly 
decreasing with neutron energy. Then, in principle a softer spectrum determines a more 
important reduction by capture of these nuclides. Concerning Am and Cm nuclides, the 
richest spectrum in the resonance range is shown by the infinite lattice model. That 
entails a higher conversion of Pu into Am and then Cm. Am and Cm can be burnt by a 
very hard spectrum (E>100 keV). The hard tail we observe is not enough to compensate 
this effect. Thus, there is a net production of Am and Cm in the infinite lattice model, 
which is higher than that of the BCC and of the CHPOP models. 
                                                 
11 Indeed, the long-term radiotoxicity of the nuclear waste is greatly due to HM 
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Chapter 5 – The Gas-Cooled Fast Reactor 
(GCFR) fuelled with Depleted Uranium and 
Neptunium and Plutonium from PBMR: 
calculations and results 
5.1 Models, calculations and results 
The GCFR core has been loaded with DU and the (Pu, Np) average isotopic vector of 
PBMR fuel burnt up to ~350 GWd/tHM. Although the HTR fuel is in principle able to 
reach a much higher burn-up (i.e. beyond 700 GWd/tHM), we considered the discharge 
composition we would have when the CHPOP core model became sub-critical with a 
single-batch fuelling scheme (see Ch. 4). That is of course a conservative assumption 
from the point of view of the maximisation of HM consumption.   
For the GCFR reactor, multiple recycling of U, Np and Pu coming from its own core are 
here envisaged12. The percentage of (Pu+Np) in the fresh fuel is 18% as a weight 
fraction (i.e. 82% of DU) [Richard et al., 2006]. Indeed, for GCFR a maximum of 10 
t/GWe of Pu is envisaged [Anzieux, 2009]. At the end of each cycle, the fuel is 
reprocessed, and reused to build a new core. The mass composed by FPs, Am and Cm is 
replaced by the same mass of DU. Since no fuelling scheme is currently available for 
GCFR, we assumed to load and discharge the whole core at the same time. Furthermore, 
no cooling time between two cycles is considered. Of course, that is not a realistic 
assumption. Nevertheless, it is enough in order to assess the very general behaviour of 
this core as well as the average isotopic composition of the fuel during irradiation. 
Indeed, survey calculations [Bomboni et al., 2008a] showed that the GCFR neutron 
spectrum does not seem to be very sensitive to small changes in the fuel composition, 
and that justifies this simplification. The impact on the fuel isotopic composition of core 
axial splitting has been roughly considered as well, by performing the same calculations 
firstly on a 1-zone core model and then on a 2-zone core model. The main parameters of 
both models are in Table 15. The core model is based on that one shown in Ch. 2.  
 























(GCFR2z) 1263  1263  938 600 938 600 938 600 
Table 15 – Temperatures of the considered core models  
 
                                                 
12 An extremely challenging, integral fuel cycle can be envisaged for GCFR [US DOE, 2002] (see Ch. 1) 
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Since a burn-up of 10% FIMA can be envisaged for the GCFR core [Bosq et al., 2006], 
the total irradiation length for each cycle here considered is 3162.50 EFPD. 
Additionally, longer cycles are better for reducing both the losses in reprocessing (and, 
then, the final amount of waste) and the cost of the cycle itself. Results of the 6 
irradiation cycles for the 1-zone model are shown in Table 16, Table 17, Figure 24, 
Figure 25, Figure 26, and Figure 27. 
 
GCFR 1-zone model  (% wt) GCFR 2-zone model (% wt) 
 BOC 
END 1st 


















U234 - 0.07 0.10 0.10 - 0.07 0.10 0.10 
U235 0.20 0.08 0.05 0.05 0.20 0.08 0.05 0.05 
U236 - 0.04 0.05 0.06 - 0.04 0.05 0.06 
U238 81.71 78.89 79.12 79.25 81.71 78.62 79.03 79.18 
Np237 1.50 0.72 0.34 0.19 1.50 0.72 0.35 0.20 
Pu238 1.03 1.17 0.81 0.53 1.03 1.17 0.83 0.54 
Pu239 4.88 8.83 10.05 10.45 4.88 8.81 10.06 10.44 
Pu240 5.50 5.88 6.17 6.51 5.50 5.87 6.22 6.55 
Pu241 3.11 1.25 0.89 0.86 3.11 1.26 0.90 0.87 
Pu242 2.11 2.08 1.70 1.39 2.11 2.08 1.72 1.41 
Am241 - 0.51 0.27 0.23 - 0.51 0.27 0.24 
Am243 - 0.36 0.30 0.24 - 0.35 0.30 0.24 
Cm244 - 0.12 0.10 0.08 - 0.12 0.10 0.08 
Others - 0.08 0.05 0.04 - 0.08 0.04 0.04 
Table 16 – Composition of GCFR fuel at the beginning of each cycle considered (each 
cycle consists of 3162.50 EFPD13, i.e. 100 GWd/tHM) – Cycles 1–3 
















U234 0.09 0.08 0.07 0.10 0.08 0.08 
U235 0.04 0.04 0.04 0.04 0.04 0.04 
U236 0.07 0.07 0.07 0.07 0.07 0.07 
U238 79.33 79.38 79.40 79.28 79.34 79.54 
Np237 0.13 0.10 0.09 0.13 0.10 0.10 
Pu238 0.36 0.26 0.22 0.37 0.27 0.24 
Pu239 10.57 10.59 10.59 10.56 10.59 10.53 
Pu240 6.80 7.01 7.16 6.82 7.02 7.04 
Pu241 0.89 0.92 0.94 0.89 0.92 0.90 
Pu242 1.17 1.02 0.92 1.19 1.04 0.97 
Am241 0.24 0.25 0.25 0.24 0.25 0.25 
Am243 0.20 0.17 0.15 0.20 0.17 0.15 
Cm244 0.07 0.06 0.05 0.07 0.06 0.04 
Others 0.04 0.04 0.04 0.04 0.04 0.04 
Table 17 - Composition of GCFR fuel at the beginning of each cycle considered (each 
cycle consists of 3162.50 EFPD, i.e. 100 GWd/tHM) – Cycles 4–6 
                                                 
13 This value can be calculated starting from the following data: GCFR thermal power: 2400 MWth ; 
Initial HM mass in the core: 76 tons; 1 gram of U producing about 1 MWd 
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Figure 24 – Some U nuclides vs. irradiation time in GCFR  
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Figure 25 – U238 vs. irradiation time in GCFR  
Please note the “steps” corresponding to the 6 recycles – each cycle is 100 GWd/tHM long, i.e. 
3162.50 EFPD 
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Figure 26 – Some Pu nuclides vs. Irradiation time in GCFR  
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Figure 27 – Some MA nuclides vs. irradiation time in GCFR  
Please note the “steps” corresponding to the 6 recycles – each cycle is 100 GWd/tHM long, i.e. 
3162.50 EFPD 
 
The net production or destruction of each main nuclide is shown in Figure 28, Figure 
29, and Figure 30. It is expressed as a variation per initial HM total mass (see Ch. 4, 
Footnote 9). 
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Figure 28 – Production/destruction of some U nuclides per initial HM mass in the different core 
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Figure 29  – Production/destruction of some Np and Pu nuclides per initial HM mass in the 
different core models, for each recycle 
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Figure 30  – Production/destruction of some Am and Cm nuclides per initial HM mass in the 
different core models, for each recycle 
 
Reactivity parameters were approximately calculated as well (Table 18 and Table 19). 
They were calculated with the formulas shown in Appendix C. Particularly, we 
considered the following perturbed cases in order to evaluate them: 
 
- For FTC, the fuel temperature was increased from 1263 K to 1500 K (because of 
the availability of cross sections) 
- For VC, the coolant density was decreased to 1% of its nominal value 
- For βeff, the totnu no option of MCNP5 was applied in the calculation 
 
1st cycle 2nd cycle 3rd cycle 
 
BOC EOC BOC EOC BOC EOC 
FTC [pcm/K] -0.62 -0.41 -0.80 -0.75 -1.44 -1.09 
VC 
[pcm/%void] 
+2.88 +3.45 +1.03 +2.38 +2.16 +2.50 
βeff [pcm] 140 464 394 159 299 518 
4th cycle 5th cycle 6th cycle  
BOC EOC BOC EOC BOC EOC 
FTC [pcm/K] -1.59 -1.40 -0.81 -0.75 -1.21 -0.97 
VC 
[pcm/%void] 
+1.60 +0.82 +3.06 +1.11 +2.02 +1.36 
βeff [pcm] 466 397 409 467 346 410 






Chapter 5 – The Gas-Cooled Fast Reactor (GCFR) fuelled with Depleted Uranium and Neptunium and 





1st cycle 2nd cycle 3rd cycle 
 
BOC EOC BOC EOC BOC EOC 
FTC [pcm/K] -0.83 -0.72 -1.34 -0.05 -0.91 -1.47 
VC 
[pcm/%void] 
-0.06 +2.14 +0.52 +3.30 +1.04 +0.07 
βeff [pcm] 415 341 544 127 294 427 
4th cycle 5th cycle 6th cycle  
BOC EOC BOC EOC BOC EOC 
FTC [pcm/K] -1.25 -1.44 -1.54 -0.88 -0.75 -0.62 
VC 
[pcm/%void] 
-0.35 +1.80 +0.18 +0.01 +0.39 -0.13 
βeff [pcm] 371 282 525 318 247 334 
Table 19 - Reactivity parameters for the 2-zone GCFR “E” core model 
5.2 Discussion  
The strategy of the GCFR “E” fuel cycle shows the following advantages: 
 
− First of all, removing Am and Cm from the spent fuel allows in principle the 
possibility to recycle U, Pu and Np a large number of times, since the 
neutronic dose and the heatload of the SNF are mainly due to MA14. Then, a 
virtually full exploitation of U resources can be obtained 
− Pernicious Pu isotopes are monotonously decreasing from cycle to cycle 
− Am and Cm increase from BOC to EOC slower and slower from cycle to 
cycle (even though a sort of asymptotic trend can be recognized) 
− The isotopic evolution of the fuel from cycle to cycle is interesting from the 
safety point of view (after the relatively small drop between first and second 
cycle, the U content increases, even though slowly) 
− Waste produced per unit energy is extremely small (as we will see in the 
next paragraph). 
 
Nevertheless, there are some drawbacks as well: 
 
− Times to reach equilibrium composition are very long (after about 60 years, 
equilibrium has still to be reached) 
− The reactivity at BOC tends to increase from cycle to cycle (please see Table 
44 in Appendix C for the numeric values). That may be a problem from the 
point of view of the control reactivity device design 
− The reduction of the long term radiotoxicity of the final waste (i.e. FPs, Am 
and Cm) might be obtained by designing dedicated assemblies and cannot be 
reached by such a cycle 
 
We can also observe that the condition of “zero breeding gain”, envisaged for GCFR, is 
progressively obtained by multiple recycling (see values related to Pu239 and Pu241 in 
Figure 29) 
                                                 
14 See Ch. 1 for some explications related to P&T problems 
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As observed for the PBMR core model, using 1-zone instead of 2-zone model does not 
cause significant changes in the final composition of SNF (Figure 28, Figure 29 and 
Figure 30). Conversely, the model is important when dynamic parameters are under 
investigation. However, as a future development of the present work, much more 
detailed investigations are needed to evaluate dynamic parameters of the core, their 
trends, as well as the influence of computational core models in their evaluation.  
As far as safety parameters are concerned, although results in Table 18 and Table 19  
are very rough, they seem to indicate a good behaviour of GCFR core (quite high 
delayed neutron fraction for all the considered conditions, negative FTC, low VC).  
 
5.3 LOMBT calculations 
Since calculations on GCFR conclude our symbiotic chain, now it is interesting to have 
a look on results concerning the LOMBT15 of waste coming from the reactors involved.  
LOM calculation procedure has been extensively explained in Bomboni et al., 2008a. In 
the case of the considered cycle, we have to take into account that16: 
 
− Every year about 250 kg of Pu+Np are discharged from the LWR considered 
as a reference (Ch. 1) 
− Considering 712.5 EFPD as discharge burn-up for PBMR pebbles, this core 
requires about 155 kg/year of Pu+Np from LWR. That means, each PBMR 
needs 0.62 LWRs supplying its annual fuel charge 
− In order to feed the first GCFR core, containing 13.7 t of Pu+Np from 
PBMR SNF (712.5 EFPD, i.e. 356 GWd/tHM), SNF from about 56 PBMRs 
are required 
− The radiotoxicity of the natural U is 20 mSv/g 
− To obtain 1 g of U enriched to ~4%, 10 g of natural U are required 
− We will assume negligible the radiotoxicity of DU (in order to obtain the 
worst conditions) 
 
The numerical ratio between LWR, HTR and GCFR is probably not particularly 
favourable from the economical point of view. Indeed, yearly 1 PBMR is able to burn 
the Pu+Np inventory coming from 0.62 LWR. However, 1.3 PBMRs, which can burn 
the whole Np+Pu mass coming from 1 LWR, correspond to 800 MWth while 1 LWR 
corresponds to 3030 MWth. Furthermore, 56 PBMR cores are necessary for supplying 
the fuel mass to start a new GCFR core. Hence, it is clear that this is a very difficult 
matter and, in order to evaluate this aspect rigorously, we should perform a complete 
analysis of the scenario in which our cycle could be inserted. Such an analysis is beyond 
the scope of the present work. 
Then, we started our analyses from the LOM of the SNF of each reactor of our chain. 







                                                 
15 For the definition of LOMBT see Ch. 1 and Cerullo et al., 2005 
16 Please see also Appendix C for the different calculation steps 
Chapter 5 – The Gas-Cooled Fast Reactor (GCFR) fuelled with Depleted Uranium and Neptunium and 
Plutonium from the PBMR: calculations and results 
 
 64
 LWR PBMR GCFR17 Whole cycle 
LOM [Sv] 6.00·106 3.72·106 2.10·108 2.10·108 
Table 20 – LOM for SNF of the considered reactors 
 
As known, the Level Of Mine Balancing Time of LWR SNF, in the case of an OTTO 
fuel cycle, is around 150000 years, since waste is composed of U, Pu, MA and FPs. The 
integrated LWR-HTR-GCFR cycle changes this point of view, because U, Pu and Np 
are fuel, and not waste anymore. Then, a strong reduction of the waste produced per unit 
energy ratio occurs (Table 21).  
Further results related to Radiotoxicity vs. time are shown in Figure 31÷Figure 45. 
Since there are not any significant differences between 1-zone and 2-zore core models 
as far as the isotopic composition is concerned, we will show the results related to the 1-
zone model for the sake of simplicity. All LOMBT calculations were performed by 












FP [g/year] 9.67·105 2.34·104 1.33·105 1.12·106 
Am [g/year] 1.19·104 9.93·103 4.48·104 6.66·104 
Cm [g/year] 9.23·102 2.34·103 8.37·103 1.16·104 
Thermal Energy 
[TWh/year]  
21.39 4.56 21.02 46.97 
Electric Energy [TWh/year] 7.06 2.19 10.09 19.34 
Ratio waste/energy 
[g/TWhth] 
1.13·106 19 7.83·103 8.87·103 2.56·104 
Ratio waste/energy 
[g/TWhe] 
3.43·106 20 1.63·104 1.85·104 6.23·104 
Table 21 – Waste per unit energy – Comparison  
                                                 
17 Actually this value should be increased by the radiotoxicity of DU added to replace Am, Cm and FPs of 
the GCFR SNF. However, no significant changes in the results happen, since the radiotoxicity of DU is 
lower than that of Unat 
18 The considered chain is by 1 GCFR “E”, 1.3 PBMR-400, 0.806 LWR (see Appendix C) 
19 This results is obtained considering 30 t/years of SNF for LWR (OTTO cycle) 
20 See Footnote 19 
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Figure 31 – LOMBT of PBMR SNF (FPs, 
Am and Cm) 
 
 




Figure 33 – LOMBT of GCFR SNF end 1st 
cycle (FPs, Am and Cm) 
 
 
Figure 34 – LOMBT of GCFR SNF end 2nd 
cycle (FPs, Am and Cm)
 
Figure 35 – LOMBT of GCFR SNF end 3rd 
cycle (FPs, Am and Cm) 
 
Figure 36 – LOMBT of GCFR SNF end 4th 
cycle (FPs, Am and Cm) 
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Figure 37 – LOMBT of GCFR SNF end 5th 
cycle (FPs, Am and Cm) 
 
 
Figure 38 – LOMBT of GCFR SNF end 6th 
cycle (FPs, Am and Cm) 
 
Figure 39 – Contributions to radiotoxicity 
vs. time – PBMR SNF (Am, Cm and FPs) 
 
 
Figure 40 – Contributions to radiotoxicity 
vs. time – GCFR SNF end 1st cycle 
 
Figure 41 – Contributions to radiotoxicity 
vs. time – GCFR SNF end 2nd cycle 
 
Figure 42 – Contributions to radiotoxicity 
vs. time – GCFR SNF end 3rd cycle
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Figure 43 – Contributions to radiotoxicity 
vs. time – GCFR SNF end 4th cycle 
 
 
Figure 44 – Contributions to radiotoxicity 
vs. time – GCFR SNF end 5th cycle 
Figure 45 – Contributions to radiotoxicity vs. time – GCFR SNF end 6th cycle 
 
It is interesting to highlight what follows: 
 
− First of all, the LOMBT is always lower than 50000 years. GCFR SNF 
reaches LOM after about 10000 except for the 1st and the 2nd cycle (Figure 
33÷Figure 38). As far as PBMR is concerned, its waste composed of Am, 
Cm and FPs is characterized by a LOMBT three time higher than that of 
GCFR waste (Figure 31). Furthermore, considering all the HM coming from 
PBMR as a waste (i.e. including Np and Pu; that corresponds to a OTTO 
cycle for PBMR), the LOMBT increases by two orders of magnitude (please 
compare Figure 31 and Figure 32) and becomes even worse than that of 
LWR waste. Hence, the advantages of recycling in GCFR Pu and Np coming 
from PBMR are confirmed also from this point of view 
− The LOMBT of GCFR SNF decreases monotonously with multiple 
recycling. That is due to the progressive decrease of MA content of SNF (see 
Table 16 and Table 17) 
− It is interesting to note that the long-term radiotoxicity of GCFR SNF is 
substantially due to Am’s instead of Cm’s daughters (that is different from 
what found in some past studies focusing on homogeneous multiple 
recycling in GCFR; as examples, please see Bomboni et al., 2008a), Figure 
40÷Figure 45. This is in principle an advantage of the strategy here chosen, 
because Cm decays in relatively small times while Am can be burnt in 
dedicated assemblies. Then, the results here achieved give us an important 
hint about a possible and feasible way to close this nuclear fuel cycle. 
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The results shown in Ch. 4 and 5 are the starting point for the preliminary design of a 
dedicated assembly to burn Am and Cm coming from this cycle. This is a necessary 
step in order to minimize amount and radiotoxicity of the final waste to store in 
geological repositories. 
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Chapter 6 – Closing the cycle: design of a 
dedicated fuel assembly to burn Americium 
and Curium 
6.1. Analysis of the waste coming from the LWR-HTR-GCFR 
cycle 
As we saw in Ch. 5, at the end of the considered cycle, we have to deal with an amount 
of waste temporarily stored, which had increased recycle after recycle. That waste is 
composed of FPs, Am, Cm and actinides losses coming from the reprocessing steps. 
Since we supposed that the effectiveness of reprocessing technologies applied is higher 
that 99% for U, Pu and Np (see Ch. 1), only Am and Cm constitute a relevant problem 
from the long-term radiotoxicity point of view. Particularly, at the end of the 6th recycle 
in the GCFR reactor (i.e. after nearly 60 years of full power operation of all reactors 
involved in the chain), the total mass of Am and Cm stored is the following (Table 22): 
 
 Am Cm 
LWR [t] 0.59 0.02 
PBMR-400 [t] 0.53 0.05 
GCFR [t] 2.24 0.14 
Total [t] 3.2 0.20 
Table 22 – Total mass of Am and Cm at the end of the symbiotic cycle21 
 
The average composition of this HM produced each year (obtained as an average among 
the waste coming from all the considered cores) is shown in Table 23. 
 




Table 23 – Average mass fractions of Am+Cm waste coming each year from the cycle 
 
Note that the average composition shown in Table 23 is calculated with the simplified 
approach explained in Appendix C, which does not correspond to the composition of 
the material in Table 22. Particularly, if we adopted a more rigorous approach to 
calculate it, we would obtain a quite smaller percentage of Cm: indeed, we considered 
                                                 
21 These masses correspond to the number of reactors calculated in Appendix C: 1 GCFR – 1.3 HTR – 0.8 
LWR  
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all the Cm mass composed by Cm244, without considering its decay into Pu240. 
However, since Cm244 is the most pernicious nuclide to burn among these [Bomboni, et 
al., 2008a], this simplified approach (that overestimates its mass) is conservative and 
can be accepted.  
In the next paragraph we are going to look for a strategy to burn this MA stockpile for 
energy production, exploiting the great flexibility offered by the GCFR core. Our 
approach is following what explained in Ch. 1: (Am,Cm)-based fuels are treated in 
dedicated facilities and embedded in special targets aiming at achieving a very high 
level of mass destruction during a single irradiation. That means, a once-through cycle 
is envisaged for these dedicated fuels, because of the extreme difficulty of managing 
(and processing) these materials. 
6.2. How to burn Americium and Curium main isotopes 
As well known, burning Am and Cm is needed in order to obtain a fully sustainable 
cycle. To do that, a dedicated assembly has to be designed. Indeed, a LOMBT which is 
smaller than 1000 years could be obtained only if Np mass were reduced by a factor 
>2.5 and, contemporarily, Am+Cm mass were reduced by a factor >124 [Liljenzin and 
Ekberg, 2008]. In the case of the proposed LWR-HTR-GCFR cycle, that corresponds to 
about 50-60 kg/year of Am+Cm (since Np is recycled along with U and Pu). We are 
dealing with a very challenging goal, since the effective cross section of these nuclides 
are generally small both in thermal and in fast spectrum. As an example, their typical 
values in PBMR and GCFR cores are presented in Table 24.  
 
 PBMR-400 [barn] GCFR2400 “E” [barn] 
Am241 109 1.78 
Am243 3.66 0.10 
Cm244 23.30 1.07 
Table 24 – Effective 1-group absorption cross sections of the main Am and Cm isotopes in 
PBMR and GCFR spectrum 
 
The average value of the flux in these two kinds of cores is shown in Table 25. 
 PBMR-400 GCFR2400 “E” 
ϕ [n/cm2·s] 5.10·1014 1.30·1015 
Table 25 – Average flux intensity in PBMR-400 and GCFR2400 “E” 
 
Now it is useful to define a destruction factor (df) as follows, starting from the equation 
of removal of one nuclide in a generic spectrum22: 
 
                                                 
22 That is a simplified form of Bateman’s equations 
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- N is the concentration of the considered nuclide as a function of time  
- σa is its effective absorption cross section  
- ϕ is the one-group flux 
- t* is the time necessary to reduce the concentration of this nuclide by a factor df 
 
Then, it could be interesting to find the flux necessary to obtain a certain df in a fixed 




























Figure 46 – Correlation between df and flux for a σa fixed: σa = 1 barn 
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Figure 48 – Correlation between df and flux for a σa fixed: σa = 100 barn 
 
Observe that a reduction of 90% corresponds to df=10: in other words, although there 
are not any precursors of the considered nuclide (i.e. no source term into eq. (1)),  it is 
not possible to obtain a df=10 in less than 10 years when σa is around 1 barn, 
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considering the flux intensity that can be reached in an actual core. That is the case of 
all the main Am and Cm nuclides in fast spectrum and of Am243 in thermal spectrum 
(Table 24). Furthermore, we may notice, the two nuclides with the smallest cross 
sections are the two main contributors from the radiotoxicity point of view: Am243 
(t1/2=7370 y), which represents the longest-term contributor, and Cm244 (t1/2=18.1 y, 
decaying in Pu240).   
At this point it is possible to draw some considerations starting from these data. 
Generally speaking, it is obvious that maximising the reaction rate is the only way to 
maximise the transmutation of a nuclide. In order to increase the reaction rate, we can 
increase the reactor flux and/or the effective cross-section of the nuclide. Then, let us 
have a look at how to increase each of these two parameters: 
 
− Regarding the flux, we have the following possibilities:  
o Building the core with materials that reduce parasitical absorptions as 
much as possible (strategy often followed for high flux thermal 
research reactors) 
o  Opting for a hard spectrum (fast reactors) 
− Regarding the effective cross section: 
o Opting for a neutron spectrum as softer as possible (since all the cross 
sections show the 1/v trend in the low energy region) 
o  Trying to “centre” the spectrum in suitable resonance regions (this 
strategy is practically very difficult to apply because of the large 
uncertainties, see Appendix B) 
 
Although it is often not possible to satisfy all these exigencies at the same time, a 
compromise can be reached by inserting moderated, dedicated assemblies in a fast 
reactor core: that means coupling the intense flux that is typical of fast reactors with the 
relatively large effective cross-sections of thermal ones. This is the strategy we adopted 
in the following paragraphs to close the cycle by burning Am and Cm. It is important to 
note that a remarkable advantage of treating Am and Cm in separated assemblies 
concerns the fabrication and reprocessing steps, as explained in Ch. 1. 
The next paragraph shows some survey calculations aiming at choosing the main 
parameters of such an assembly, to obtain an effective destruction of Am and Cm in 
GCFR. 
 
6.3. Choice of the main characteristics of a dedicated 
assembly to burn Am and Cm – Survey calculations 
6.3.1 Choice of materials 
Survey calculations were performed aiming at determining the most suitable 
combination of design parameters for burning Am and Cm. Particularly, we have to 
choose: 
 
− The MA-bearing fuel material (oxide, nitride, carbide, inert matrix, etc.) 
− The moderator material (graphite, hydride, etc.) 
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− The moderation ratio  
− The total mass of MA to insert in the core 
− The position of the “dedicated” assemblies (DAs) in the core 
 
Obviously, the high temperature, which is a unique characteristic of He-cooled reactors, 
is a not-negligible limiting factor in the material choice. Furthermore, as shown in Ch. 
1, at the moment the properties of MA-bearing carbides and nitrides as well as their 
behavior under irradiation are still poorly known. Then, our survey is focusing on 
oxides and inert matrices. Particularly, the inert matrix ZSY considered in the frame of 
the PuMA project [Jonnet and Kloosterman, 2008] is taken into account. As a 
moderator, hydrides cannot be used in GCFR because of their relatively low operating 
temperatures (for further details, please see Ch. 1 and Newton and Smith, 2003). 
Considering all these constraints, we adopted the following strategy to solve the 
problem: employing the HTR fuel concept, i.e. TRISO particles embedded in a graphite 
matrix, for the moderated zones of the GCFR core. Indeed, that allows us: 
 
− To use fuel and moderator materials developed for the high temperature 
technology, which is able in principle to work in GCFR  
− To avoid incompatibility/dissociation problems due to scarcely known fuel 
forms like carbides and nitrides of MA 
− To use fuel and moderator materials developed to reach ultra-high burn-ups, 
hence very high fluencies23 
 
Hence, let us consider two kinds of fuel elements:  
 
1. A typical HTR TRISO with a (Am,Cm)O2 kernel, embedded in a graphite 
matrix (Table 26) 
2. A TRISO with a IM kernel (Table 27) embedded in a graphite matrix  
 
The other dimensions of the fuel assembly are the same as a typical GCFR fuel 
assembly (see Ch. 2).  
The Am, Cm isotopic vector is that one found after the 6th irradiation cycle in GCFR, 











                                                 
23 Of course, a large experimental program should be performed to confirm the compatibility of these 
materials with the high fluencies of the hard GCFR spectrum 
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Density [g/cm3] 10.4 Kernel 




Density [g/cm3] 1.05 
Buffer  
Thickness [µm] 90 
Material PyC 
Density [g/cm3] 1.90 Inner Pyrolitic Carbon (IPyC) 
Thickness [µm] 40 
Material SiC 
Density [g/cm3] 3.18 SiC 
Thickness [µm] 35 
Material PyC 
Density [g/cm3] 1.90 
Coatings 
Outer Pyrolitic Carbon 
(OPyC) 
Thickness [µm] 40 




Density [g/cm3] 6.33 Kernel 
Radius [µm] 250 
Material Porous graphite 
Density [g/cm3] 1.05 Buffer  
Thickness [µm] 90 
Material PyC 
Density [g/cm3] 1.90 
Inner Pyrolitic 
Carbon (IPyC) 
Thickness [µm] 40 
Material SiC 
Density [g/cm3] 3.18 SiC 
Thickness [µm] 35 
Material PyC 




Thickness [µm] 40 
Table 27 – MA-based TRISO particle with IM kernel proposed for the dedicated assembly25  
 
6.3.2 Assessment of the main parameters of the dedicated 
assembly 
After the choice of materials, the DA main parameters (MA mass, position in the core, 
etc.) are to be assessed. Then, the following survey aims at: 
 
                                                 
24 The main parameters of this particle are based on the CP proposed in the framework of the EU PUMA 
project [de Haas and Kuijper, 2008] 
25 The main parameters of this particle are based on Jonnet and Kloosterman, 2008 
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− Evaluating which of these two fuel forms (i.e., IM fuel or standard TRISO 
fuel) is the best for burning Am and Cm 
− Evaluating which is the optimal moderation ratio to maximise Am and Cm 
destruction 
 
Just to have an idea of the dependence which ties the MA mass to the moderation ratio 

















Figure 49 – Theoretical Moderation Ratio Nm/Nf as a function of the HM mass for the IM fuel 
and the standard TRISO fuel  
 
Those values are obtained considering a theoretical situation, where the DA is 
completely filled by CPs and graphite without any coolant around. We can easily note 
that for the same MA mass in the DA, the IM fuel is characterized by a smaller 
moderation ratio. That means, generally speaking, that for the same fuel mass we have a 
harder spectrum in this latter case. What’s more, we observe that the X-axis only arrives 
up to 10 kg of HM mass: this is the theoretical limit of MA mass which can be inserted 
in the case of IM fuel because of geometrical constraints26.  
We performed, as survey calculations, parametric evaluations of the total reaction rate 
for Am241, Am243 and Cm244 as a function of the total HM mass in the DA; the 
parameters of these calculations are:  
 
− The kind of fuel (standard or IM) 
− The assembly position inside the GCFR (in the centre of the core or near the 
reflector) 
                                                 
26 When the HM mass reaches a value which is around 10 kg, the particles would be tangent to each other 
if they were arranged in a regular cubic lattice. Of course, particles cannot intersect. This constraint is 
much less strong for the standard fuel particles, which are smaller  
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Anyway, a total number of 9 DAs is inserted in the GCFR core at BOC of the 6th 
irradiation cycle (see Ch. 5). The value of 9 DAs has been chosen starting from the 
consideration that if the whole HM mass inside 9 DA (each containing 9 kg of HM) 
were burnt in 1 year, the LWR-HTR-GCFR cycle would be fully closed. Then, this 
value is retained as a sort of theoretical threshold. Indeed, we saw in the previous 
paragraph that it is not possible to transmute 100% of a mass composed of Am and Cm 
in 1 year with the typical effective cross sections of these nuclides.  
Figure 50, Figure 51 and Figure 52 show the reaction rate as a function of the HM mass. 
It is easy to note that the best performances are shown by IM-based fuel placed in the 
central position with a mass of HM which is as small as possible. Just for the sake of 
completeness, Figure 53, Figure 54 and Figure 55 give more details regarding the same 
results.  
Hence, we can conclude that the IM fuel is by far better than the standard one if their 
position inside the core is the same. Of course, the central position maximises the 
fluence thanks to the more intense flux, but in principle the bad impact of MA on the 
core safety parameters might be amplified by placing the DAs there. Then, in principle 
placing the DAs in the core centre could entail a reduction of their number in order to 






















Am-241 - central position, IM fuel
Am-241 - peripheral position, IM fuel
Am-243 - central position, IM fuel
Am-243 - peripheral position, IM fuel
Cm-244 - central position, IM fuel
Cm-244 - peripheral position, IM fuel
Am-241 - central position, Standard
TRISO  fuel
Am-241 - peripheral position,
Standard TRISO  fuel
Am-243 - central position, Standard
TRISO  fuel
Am-243 - peripheral position,
Standard TRISO  fuel
Cm-244 - central position, Standard
TRISO  fuel
Cm-244 - peripheral position,
Standard TRISO  fuel
 
Figure 50 – Reaction rate as a function of the HM mass in the DA  
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Am-241 - central position, IM fuel
Am-241 - peripheral position, IM fuel
Am-243 - central position, IM fuel
Am-243 - peripheral position, IM fuel
Cm-244 - central position, IM fuel
Cm-244 - peripheral position, IM fuel
 























Am-241 - central position, Standard
TRISO fuel
Am-241 - peripheral position, Standard
TRISO fuel
Am-243 - central position, Standard
TRISO fuel
Am-243 - peripheral position, Standard
TRISO fuel
Cm-244 - central position, Standard
TRISO fuel
Cm-244 - peripheral position, Standard
TRISO fuel
 
Figure 52 – Reaction rate as a function of the HM mass in the DA – Standard TRISO Fuel (SF)
 






















Am-241 - central position, IM fuel
Am-241 - peripheral position, IM fuel
Am-241 - central position, Standard TRISO fuel
Am-241 - peripheral position, Standard TRISO fuel
 
Figure 53 – Fluence on Am241 as a function of the HM mass in the DA – Comparison between 






















Am-243 - central position, IM fuel
Am-243 - peripheral position, IM fuel
Am-243 - central position, Standard TRISO fuel
Am-243 - peripheral position, Standard TRISO fuel
 
Figure 54 – Fluence on Am243 as a function of the HM mass in the DA – Comparison between 
IM and SF 
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Cm-244 - central position, IM fuel
Cm-244 - peripheral position, IM fuel
Cm-244 - central position, Standard TRISO fuel
Cm-244 - peripheral position, Standard TRISO fuel
 
Figure 55 – Fluence on Cm244 as a function of the HM mass in the DA – Comparison between 
IM and SF 
 
Finally, Figure 56, Figure 57, Figure 58, and Figure 59 show the neutron spectrum as a 
function of HM mass for the two different DA types and positions. As expected, for the 
same kind of fuel the peripheral position is characterized by a softer spectrum. This 
effect becomes smaller and smaller when increasing the HM mass (Figure 57). 
Furthermore, if we analyse Figure 58 and Figure 59, we can see that for the same 
position in the core, the IM fuel produces a more epithermal spectrum than the standard 
fuel. That is in agreement with the generally higher moderation ratio in this latter case 
(Figure 49). 
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Figure 56 – Spectrum as a function of the HM mass in the DA – IM fuel   

































Figure 57 – Spectrum as a function of the HM mass in the DA – Standard TRISO fuel  
Curves with stars  refer to DA in central position; broad curves are related to DA in core 
periphery 
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Figure 58 – Spectrum as a function of the HM mass in the DA in central position  
































Figure 59 – Spectrum as a function of the HM mass in the DA in peripheral position  
Curves with symbols are related to IM fuel; broad curves refer to standard TRISO fuel 
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On the basis of what noticed up to now, we can conclude that the best spectrum to burn 
Am and Cm (among those ones that are achievable in GCFR) is peaked in the region 
between 100 eV and 1 MeV. That is a very interesting result (although it is to be 
confirmed with more detailed calculations), because it supplies remarkable indications 
on which kind of spectrum could burn Am and Cm regardless of the reactor/assembly 
concept adopted to produce it. That means, we will be able to transmute Am and Cm if 
we produce such a spectral distribution regardless of the reactor/target design employed.  
6.3.3 Survey calculations on a DA loaded with a IM-based fuel 
In the last paragraph we found that IM fuel allows for better performances regarding 
Am and Cm transmutation. We have already seen that a small HM mass in the DA 
along with a central position should be chosen in order to maximise their transmutation 
rate. Nevertheless, we have to face with two other exigencies: 
 
− The HM mass in the DA should not be too small because of practical and 
economical reasons 
− The safety parameters and the reactivity swing of the core could be affected 
by a high MA mass in zones characterized by an high neutron importance 
 
In order to find a solution, which is able to satisfy all these different constraints as better 
as possible, we performed: 
 
− Simplified calculations to estimate the impact of the DAs on the safety 
parameters  (i.e. FTC, VC, βeff). We considered the impact of 9 DAs each of 
which with 9 kg of HM (Table 28) 
− Simplified burn-up calculations to assess the transmutation performances as 
a function of the HM mass in the DAs as well as of the DA position (Table 
29, Table 30, Table 31, and Table 32 – please note that a negative 









Core without DAs (Beginning of 6th irradiation 
cycle – see Ch. 5) 
-1.21 0.58 346 
9 DA with 9 kg of HM – Core center -0.66 1.55 200 
9 DA with 9 kg of HM – Core periphery -1.47 0.37 345 
Table 28 – Impact of 9 DA with 9 kg of HM on the core safety parameters as a function of DA 
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9 11.54 8.18 99.99 70.88 416.26 295.07 
6 11.54 9.37 100.00 81.15 277.91 225.53 
4 11.54 10.22 100.00 88.58 185.28 164.12 
2 11.54 10.96 100.00 94.94 92.64 87.95 









































9 11.42 7.79 98.94 67.53 348.53 237.89 
6 11.50 8.63 99.66 74.81 234.80 176.24 
4 11.53 9.21 99.91 79.78 156.54 125.00 
2 11.54 9.80 99.97 84.96 78.32 66.56 










































9 7.77 -8.61 67.35 -74.57 71.48 -79.14 
6 9.61 -8.75 83.23 -75.81 59.01 -53.75 
4 10.63 -8.17 92.08 -70.77 43.60 -33.51 
2 11.14 -7.23 96.54 -62.62 22.74 -14.75 









                                                 
27 The percentage is referred to the initial amount of the considered isotope 
Chapter 6 – Closing the cycle: design of a dedicated fuel assembly to burn Americium and Curium 











































9 10.09 1.67 87.41 14.51 764.78 126.95 
6 10.63 2.30 92.09 19.96 538.22 116.66 
4 10.84 2.98 93.96 25.81 366.44 100.64 
2 10.96 3.94 94.97 34.12 184.65 66.33 
Table 32 – Results of burn-up calculations concerning the total HM mass 
 
 
The results here found are in very good agreement with our preliminary sensibilities, 
which were based on a core at BOC and did not take into account the fuel burn-up. 
Indeed, as already mentioned in Ch. 5, the spectrum in GCFR changes slightly during 
irradiation. The transmutation performances obtained placing the DAs in the core centre 
are by far better than the others, particularly as far as Cm244 is concerned (Table 31). 
Very high destruction rate (~90%/fuel life) can be obtained regardless of the total mass 
of HM in the DAs by placing them in the core centre. Moreover, maximising the total 
mass of MA in the core allows us to maximise the mass of MA destroyed per TWhe 
produced. On the other hand, for the same number of DAs placed in the core, a smaller 
MA inventory enables us to maximise the fraction of MA destroyed.  
Just to have an idea of the obtained transmutation trends, let us have a look at the 
following Figure 60, Figure 61, and Figure 62, which refer to the 9 kg HM per DA. 
Analogous trends are obtained for the other cases analysed (2, 4 and 6 kg of HM per 
DA).  
 



















DA 9 kg - Inner zone of the core
DA 9 kg - Outer zone of the core
 

















DA 9 kg - Inner zone of the core
DA 9 kg - Outer zone of the core
 
Figure 61 – Am243 mass vs. burn-up 


















DA 9 kg - Inner zone of the core
DA 9 kg - Outer zone of the core
 
Figure 62 – Cm244 mass vs. burn-up 
 
Of course, the impact of the DAs in the core centre is stronger from the safety 
parameters point of view (Table 28), whereas placing the DAs in the periphery does not 
have any significant impact in this sense. As far as the reactivity swing is concerned, it 
is always comprised between 1.16 $/y (case 2 kg periphery) and 3.65 $/y (9 kg center). 
Note that its value for GCFR without DAs at the 6th recycle is 1.30 $/y; just for 
comparison, the reactivity swing is generally higher than 1  $/y in Gen. IV SFR [Tuček 
et al., 2008]. 
Before fixing the final characteristics of our DA, we should remember that up to now 
we neglected any cooling exigencies: indeed, these survey calculations were performed 
without considering that a fraction of the volume available has to be filled by He. 
Taking into account different coolant volumes, the moderation ratio changes 
significantly as shown in Figure 63. As an example, let us consider a DA with 9 kg MA 
inside: if we wanted to keep the moderation ratio unchanged and to envisage a 
volumetric fraction of coolant of 28%, which is the He fraction in GCFR, the DA 
should contain a HM mass of 4.5 kg. That would mean, to have the same MA mass in 
the core at BOC, 18 DAs should be placed instead of 9. However, in all the considered 
cases, each DA reaches a maximum power around ~ 5 MWth during irradiation, i.e. 0.2 
% of the total energy produced by the core. Since the most part of the DA is composed 
of graphite, that has an excellent thermal conductivity, the cooling constraints are not so 
strict and then neglecting the coolant fraction can be considered acceptable at least at 
this rough level of approximation. Of course, accurate and iterative studies are 
necessary to design volume and geometry of the cooling channels in a more detailed 
design step, and they will have to be considered as a future development of the present 
research. 
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He 28% vol (GCFR)
 
Figure 63 – Moderation ratio in the DA as a function of the HM mass and of the coolant fraction  
GCFR reference core is characterized by a coolant fraction around 30% vol. [Richard et al., 
2006], indicated by the green broad line; the survey calculations shown in this paragraph were 
performed with 0% He in the DA (blue broad line) 
 
6.3.4 A good spectrum to burn Am and Cm 
Before performing a final, more detailed calculation, it could be interesting to compare 
the 6-group spectrum of the configuration showing the best burning performances (i.e. 2 
kg of HM in central position) with the one having the worst burning performances (i.e. 
9 kg of HM in periphery), Figure 64. The curves here shown suggest us what is the most 
suitable spectrum for burning Am and Cm. That spectrum could be considered as a 
reference to judge approximately the performances of a neutron spectrum for MA 
burning. Again, we can recognize that the best performances are obtained by a kind of 
“epithermal” spectrum, which is particularly rich of neutrons with energy between 1 eV 
and 100 keV. 
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2 kg center - BOC
9 kg periphery - BOC
 
Figure 64 – 6-group spectrum at BOC  
Case with 9 DAs containing 2 kg of MA in the centre of the core (in blue) vs. Case with 9 DAs 
containing 9 kg of MA in the periphery of the core (in purple) 
6.4. Choice of the main parameters of the final assembly – 
Calculations and results 
Summarizing what found up to now, we can conclude that: 
 
− The DAs should be placed in the inner part of the GCFR core 
− Their number should be as large as possible with the constraint of the core 
safety parameters (particularly the delayed neutrons fraction, which is the 
most affected parameter by the presence of a significant mass of MA in the 
core centre) 
− The design of a DA has to take into account a fraction of the total volume 
occupied by the coolant (this aspect is not considered here)  
 
We saw that a mass of 9 kg of MA per DA produces a delayed neutrons fraction that is 
unacceptably small (200 pcm, Table 28). Just for comparison, the same number of DAs 
but containing 6 kg of MA, makes the βeff value equal ~370 pcm, which is the average 
value of the GCFR core [Richard et al., 2006]. Then, taking into account the findings of 
previous paragraphs, we chose the following configuration to minimize the Am and Cm 
production of our LWR-HTR-GCFR cycle: 13 DAs, each containing 6 kg of MA, 
placed in the centre of the core (Figure 65).  
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Figure 65 – X-Y view of GCFR “E” 2400 model with 13 DAs in the centre; each DA contains 6 
kg of (Am+Cm)  
The dark elements are the standard fuel assemblies; the blue elements are the coolant channels; 
the rose ones are the DAs; finally, we can see the radial reflector in yellow 
 
A burn-up calculation of the GCFR core at the 6th irradiation cycle, which is the closest 
to equilibrium conditions (see Ch. 5), is performed. 13 standard (U,Pu,Np) assemblies 
are replaced with 13 DAs. The characteristics of the irradiation cycle are the same 
presented in Ch. 5 (i.e. 3162.5 EFPD).  
As shown in Figure 66, this configuration produces a neutron spectrum which is 
reasonably close to the “optimal” spectrum found in the previous paragraph.  
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2 kg center - BOC
13 DAs (6 kg in the center) - BOC
9 kg periphery - BOC
 
Figure 66 – Comparison of the spectrum in the final configuration with the spectra in Figure 64 
 
The following Table 33, Table 34 and Table 35 show the impact of 13 DAs at the core 
performance level as well as their MA burning performances. As far as the core safety 
parameters are concerned (Table 33), it is interesting to note that the impact of 13 DAs 
is not negligible, both at BOC and at EOC, although the MA mass introduced is 
relatively small in comparison with the total mass of fuel loaded in the core (~1 % of 
the total HM mass). That is explained by the high neutronic importance of the core 
centre: some MA-based assemblies replace standard fuel assemblies containing high 
amounts of U238, which is the most important “actor” from the point of view of the core 
kinetic behaviour. Furthermore, kinetic parameters and breeding properties become 
worse, while keff is on average  smaller during the whole cycle, although a higher 
reactivity swing is shown (Table 33 and Figure 69). On the other hand, the MA burning 
performances of such a choice are excellent (Table 34, Figure 67 and Figure 68): an 
almost complete destruction of Am is obtained, along with a very good reduction of the 
total mass of Cm. The key of such a good performance is not only a suitable spectrum 
(Figure 70), but also the choice of loading the DA with only MA without any precursor 
nuclides: indeed, we can note that while the Am mass decreases monotonously, Cm 
mass shows a peak, due to transmutation of Am into Cm. However, since there is not 
any precursor nuclide transmuting into Am, a maximum of Cm mass is reached and, 
thereafter, Cm starts decreasing, since the destruction rate of Cm becomes higher than 
its production by Am transmutation. Another interesting aspect to consider is the weak 
impact of the DAs on the average core spectrum and, consequently, on the evolution of 
the main fuel composition (Table 35): if we compare the final composition of the main 
fuel during the irradiation cycle with or without the DAs in the core, we will note that it 
is very similar. That confirms that, at the level of the global cycle, a net reduction of 
MA amount is obtained, since there is no extra MA production by transmutation, which 
could (in principle) be due to a (potential) spectrum change.  
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6th cycle – BOC -1.21 121 346 1.10566 
6th cycle – EOC -0.97 107 410 1.06427 
4751 
6th cycle with 13 
DAs (6 kg MA) – 
BOC 
-1.00 373 312 1.07909 
6th cycle with 13 
DAs (6 kg MA) – 
EOC 
-0.34 164 291 1.03978 
5175 
Table 33 – Reactivity parameters – Impact of 13 DAs each containing 6 kg of MA, placed in the 
centre of the core 
 





 [%]  Destruction [g/TWhe] 
Am241 11.54 0.00 400.29 
Am243 11.51 0.26 337.65 
Cm244 9.63 16.59 85.09 
Total HM 10.64 7.77 775.30 
Table 34 – 6th irradiation cycle – Results for 13 DAs each containing 6 kg of MA at BOC, 






EOC (6th cycle) – Main fuel 
composition (core without 
DAs) 
EOC (6th cycle) – Main fuel 
composition (core with 13 
DAs) 
U234 0.07 0.07 0.06 
U235 0.06 0.04 0.04 
U236 0.06 0.07 0.07 
U238 81.97 79.97 79.41 
Np237 0.09 0.09 0.09 
Pu238 0.24 0.22 0.22 
Pu239 9.51 10.60 10.48 
Pu240 6.30 7.17 7.18 
Pu241 0.83 0.94 0.98 
Pu242 0.92 0.92 0.92 
Am241 - 0.25 0.25 
Am243 - 0.16 0.17 
Cm244 - 0.05 0.06 
Others 0.01 0.04 0.05 
Table 35 – Main fuel composition (w/o) – Impact of 13 DAs in the core 
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Figure 68 – Mass of the different isotopes in the dedicated fuel as a function of burn-up – The 
same colour indicates different nuclides of the same element 
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EOC - Core with DAs
 
Figure 70 – 6-group core spectrum – Impact of DAs 
 
Just to conclude our analysis, we can say that an interesting strategy to follow for 
closing our LWR-HTR-GCFR has been shown. Nevertheless, although high destruction 
rates have been reached, the cycle is still not fully closed, since the mass destroyed is by 
far smaller than the total amount of Am and Cm accumulated (see Par. 6.1 and 6.2). 
Starting from the major findings of this work, further analyses (or, if necessary, 
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analyses of different ways to solve this issue) will be of course necessary to obtain a 
really closed cycle.  














The analysis performed substantially confirms previous findings, but adding some 
remarkable developments. Once again, as partially found out in previous researches, the 
integrated LWR-HTR-GCFR cycle shows very good capabilities to achieve a 
sustainable nuclear fuel cycle. As stated before, the LWR-HTR-GCFR cycle allows us 
the possibility to meet the following criteria: 
 
− Excellent exploitation of U resources, intrinsically coupled with the strong 
reduction of the mass of the final waste (the ratio waste/energy decreases by 
two orders of magnitude compared to the LWR OTTO cycle) 
− Reduction of the radiotoxicity of the final waste to that of FPs and MA (i.e. 
reduction of LOMBT by an order of magnitude when compared to the LWR 
OTTO cycle) 
− Strong reduction of Pu and Np stockpiles thanks to HTR loaded with fertile-
free fuel, in parallel with an important change of Pu isotopic composition, 
which becomes extremely proliferation resistant (the fuel obtained contains 
great quantities of strong heat- and neutron-emitters)   
− Very long fuel cycles thanks to the very favourable neutron economy that is 
typical of He-cooled reactors 
 
Additionally, the strategy here developed permits some others improvements: 
 
− Heterogeneous recycling of SNF (separating FPs, Am and Cm from U, Np 
and Pu) in principle removes any technological limit to the possibility of 
recycling HM many times. Indeed pernicious nuclides28 like Cm isotopes are 
stored as a final waste or recycled in dedicated facilities 
− Multiple recycling of GCFR SNF coupled with removing Am, Cm and FPs 
shows the following important trends: 
o Am and Cm amounts increase even slower from cycle to cycle  
o As a consequence, the LOMBT of GCFR SNF (Am, Cm and FPs) 
decreases from cycle to cycle 
o Pu isotopic composition is good enough to sustain very long 
irradiation cycles (more than 9 years in principle), but it is not 
suitable for military uses (high content of Pu240) 
o Np is burnt by both HTR and GCFR 
o Pu238, which is a strong alpha- and neutron-emitter and then which 
could be pernicious for reprocessing, decreases during multiple 
recycling 
− Radiotoxicity of GCFR SNF, after less than 100 years, is essentially due to 
Am nuclides instead of Cm ones: that indicates designing of a dedicated 
                                                 




assembly to burn Am, along with an opportune cooling time of SNF, as a 
straightforward way to close the cycle effectively 
− The excellent GCFR neutron economy permits us the possibility to insert 
some dedicated assemblies to burn Am and Cm without significant 
consequences concerning core safety 
 
Thus, to reduce the amount of Am and Cm built-up during the whole cycle, a 
moderated, dedicated assembly (to be inserted into the GCFR core) was preliminarily 
developed. It is based on the particle-bed HTR technology in order to obtain the highest 
compatibility with the GCFR environment and with the high burn-up requirements. It 
allows for coupling the high fluencies of GCFR with the larger effective cross sections 
that are typical of the thermal spectrum. The number of DAs in the GCFR core is 
limited due to safety constraints. During a whole irradiation cycle (around 9 years) an 
almost complete destruction of Am loaded in the DAs is reached. More than 80% as a 
mass fraction of Cm is destroyed as well. Since the total amount of Am and Cm loaded 
in the DAs is only a small fraction of the total core, no significant improvements are 
obtained if the LOMBT of the final amount of waste is considered (around 4000 years). 
Indeed, loading 13 DAs with 6 kg of Am+Cm (78 kg as a total) entails a reduction of 
25% in the Am production in GCFR and 15% for the Cm one. That means, although the 
DAs were inserted, there is still a net production of Am and Cm during the cycle. 
Indeed, as shown in Ch. 6, the effective cross sections of Am and Cm nuclides both in 
thermal and fast spectrum do not allow for obtaining the destruction target required in 
order to reduce the LOMBT under 1000 years. Nevertheless, the importance of the 
obtained results (i.e. by the proposed DA) consists of showing a technologically feasible 
configuration in which Am and Cm are effectively burnt. 
 
Developing such an innovative cycle needs a huge and deep R&D effort; that is true not 
only for the fuel cycle here proposed, but also for the whole Generation IV innovative 
nuclear reactors. On the basis of current results, envisaging future investigations, we 
should recommend what follows: 
 
− A continuous interchange between the reactor and fuel cycle designers and 
the experts in nuclear material technology. Without that interaction, a fully 
close fuel cycle will probably never be feasible 
− A more accurate analysis of the pebble-bed core should be performed by 
means of dedicated codes which is able to simulate pebble recirculation 
during burn-up 
− Improving the knowledge of MA cross sections, particularly in the resonance 
range, in order to “peak” narrowly the flux in that region and to reduce the 
Am and Cm quantities consequently 
− Analyzing the opportunity of introducing dedicated facilities (like ADS) to 
burn large masses of Am and Cm without the constraints related to reactivity 
coefficients of critical reactors  
− Analyzing and optimizing the cooling times of SNF between the end of each 
cycle and the beginning of the following one  
− Analyzing the opportunity of closing the cycle by recycling Am after the 
partial or complete Cm244 decay (half-life 18 years) 
 
A huge effort is necessary, but we must keep in mind that there are not any theoretical 
constraints that prevent the possibility of closing the nuclear fuel cycle, i.e. of 




Waiting for nuclear fusion, nuclear fission is an effective answer to the more and more 
increasing energy demand . The still open (technological, etc.) problems can be solved 
if everyone (including politicians and decisions-makers) really wants to do it. 









Appendix A – Heatload of the final waste of 
the LWR-HTR-GCFR symbiotic cycle 
 
An evaluation from the heatload point of view of the final waste coming from the 
reactors involved in the LWR-HTR-GCFR symbiotic chain is performed here. That is 
an important aspect to consider, since the higher the heatload of the waste, the more 
difficult the storage of the waste itself (i.e. better cooling conditions are required and/or 
a higher free volume of the repository is requested for the same mass of SNF – that 
could be a problematic issue, especially regarding the geological repositories). 
Generally, Cm and FPs represent the most important source of decay heat of deeply 
burned fuels (350 GWd/tHM for PBMR SNF and 100 GWd/tHM for GCFR SNF). 
Consequently, an appropriate cooling time is to envisage before storing the SNF, which 
is longer than that required to store LWR SNF (33 GWd/tHM, fresh fuel composed of 
UO2).  
The following Figure 71÷Figure 77 show the heatload (expressed in Watt) of waste 
coming from PBMR and GCFR. The masses of waste considered here are 54 kg for 
PBMR and 1877 kg for GCFR respectively. We assumed as waste Am, Cm and FPs for 












Figure 72 – Contributions to Heatload vs. Time – GCFR SNF (Am, Cm and FPs) end first cycle 
(burn-up 100 GWd/tHM) 
 
 
Figure 73 – Contributions to Heatload vs. Time – GCFR SNF (Am, Cm and FPs) end second 
cycle (burn-up 100 GWd/tHM) 
 




Figure 74 – Contributions to Heatload vs. Time – GCFR SNF (Am, Cm and FPs) end third 
cycle (burn-up 100 GWd/tHM) 
 
 
Figure 75 – Contributions to Heatload vs. Time – GCFR SNF (Am, Cm and FPs) end fourth 
cycle (burn-up 100 GWd/tHM) 
 




Figure 76 – Contributions to Heatload vs. Time – GCFR SNF (Am, Cm and FPs) end fifth cycle 
(burn-up 100 GWd/tHM) 
 
 
Figure 77 – Contributions to Heatload vs. Time – GCFR SNF (Am, Cm and FPs) end sixth 
cycle (burn-up 100 GWd/tHM) 
 
 
For all the considered cases, the heatload is mainly due to FPs and Cm during the first 
two decades after the discharge, and to Am later.  
To conclude, it is interesting to observe that the typical heatload of LWR SNF is about 






                                                 
29 LWR SNF composed of U (96%), Pu (1%), MAs (~0.1%), FPs (3÷4%), see Ch. 1 







EOC 0.07 0.42 
After 10 years of decay 0.02 0.17 
After 100 years of decay 0.00 0.04 
After 1000 years of decay 0.00 0.01 
Table 36 – Heatload as a function of decay time for PBMR and GCFR waste 
 
Thus, PBMR waste reaches the heatload of LWR one after 10 years of decay, while 
GCFR waste needs about 200 years to reach this level. That is a very important aspect 
to take into account for their medium and long term disposal. 










Appendix B – A quick reminder on the state 
of the art on the knowledge of nuclear cross 
sections of actinides 
 
The development of new fuels, with higher fractions of Pu and MA, requests the 
availability of more reliable nuclear data for these nuclides. The data accuracy required 
is by far beyond what can be reached by the present nuclear reaction theories and a large 
experimental program is required to compensate this lack of knowledge. Indeed, nuclear 
cross sections of Minor Actinides are still known with large uncertainties over wide 
energy ranges. That impacts the knowledge of the integral core and fuel cycle 
parameters, like keff, power peak, reactivity coefficients [Salvatores, 2008]. A 
significant example is supplied by the following Table 37 [Salvatores, 2008] that shows 
the uncertainties on fission cross sections of some Cm nuclides; the energy ranges here 
considered are of interest for a Gen. IV SFR: 
 
Isotope Cross Section Energy Range Uncertainty (%) 
Cm244 σf 1.35  MeV – 0.498 MeV 50.0 
Cm245 σf 183 keV – 67.4 keV 47.5 
Table 37 – An example of uncertainties on the fission cross-section of two main Cm isotopes 
for some energy ranges of interest for SFR technology  
 
For more detailed information please see the large literature available on this subject, 
which can be found starting from Salvatores, 2008. Here we only remind the importance 
of the subject in the framework of studies on advanced fuel cycles and the importance 
of taking into account these uncertainties when interpreting the results obtained. To 
conclude, it is interesting to see what are the target accuracies for the development of 
advanced fast neutron systems and to compare them with the state of the art (Table 38 
and Table 39 [Salvatores, 2008]) 
 
keff (BOC) 300 pcm 
Power peak (BOC) 2% 
Burn-up reactivity swing 300 pcm 
Reactivity coefficients (coolant void and Doppler at BOC) 7% 
Major nuclide density at end of irradiation cycle 2% 
Other nuclide density at end of irradiation cycle 10% 















Target accuracy (%) 
σinel 
6.07 ÷ 0.498 
MeV 
10 ÷ 20 2 ÷ 3 
U238 
σcapt 
24.8 ÷ 2.04 
keV 
3 ÷ 9 1.5 ÷ 2 
Pu241 σfiss 
1.35 MeV ÷ 
454 eV 
8 ÷ 20 
2 ÷ 3 
5 ÷ 8 
(SFR, GFR, LFR)  
(ABTR, EFR) 
Pu239 σcapt 
498 ÷ 2.04 
keV 
7 ÷ 15 4 ÷ 7 
σfiss 
1.35 ÷ 0.498 
MeV 
6 1.5 ÷ 2 
Pu240 
ν 1.35 ÷ 0.498 
MeV 
4 1 ÷ 3 
Pu242 σfiss 
2.23 ÷ 0.498 
MeV 
19 ÷ 21 3 ÷ 5 
Pu238 σfiss 
1.35 ÷ 0.183 
MeV 
17 3 ÷ 5 
Am242m σfiss 
1.35 MeV ÷ 
67.4keV 
17 3 ÷ 4 
Am241 σfiss 












2.23 ÷ 0.498 
MeV 
16 ÷ 25 3 ÷ 6 
Na23 σinel 
1.35 ÷ 0.498 
MeV 
28 4 ÷ 10 
Pb206 σinel 








6.07 ÷ 1.35 
MeV 
14 ÷ 50 3 ÷ 6 
Si28 
σcapt 
19.6 ÷ 6.07 
MeV 
53 6 
Table 39 – Summary of highest priority target accuracies for fast reactors  
 
Like shown in Table 39, it is interesting to observe that some improvements of nuclear 
data of major actinides for some energy ranges are necessary as well.  
At the moment, the uncertainty on keff is less than 2% for all systems (with the 
exception of the ADS) and reactivity coefficient uncertainties are between 20% and 
10% [Salvatores, 2008]: that means, great efforts for updating nuclear data are still due. 
For some sensitivity calculations of the nuclear data impact on results related to GCFR 
cores, see also Bosq, 2006. 
 









Appendix C – Simplified balance 
calculations concerning the LWR-HTR-
GCFR cycle 
 
Simplified calculation of the number of reactors involved 
This appendix shows the raw calculations of some values shown in the last three 
chapters of this work.  
The rough calculations are here shown in order to better explain the hypotheses adopted 
in the framework of the present study.  
Please note that all the input data here used come from previous chapters.  
Before starting, it is important to stress that a rigorous study of masses involved in a 
complex fuel cycle would require complex scenario studies that are outside the scope of 
this thesis. Hence, the hypotheses here adopted must be considered just as a raw 
approximation supplying the necessary input data to analyze the TRU burning 
performances of He-cooled advanced cores linked in a symbiotic way. Analyzing the 
TRU destruction capacities of each core as well as of their chain is the actual aim of this 
work. It must not be confused with a complete scenario study in which this chain is 
inserted. 
 
We make the following assumption to obtain a simplified estimate of the masses 
involved: 
 
− Once-through, single-batch irradiation cycle for the PBMR-400 core (length 
of the cycle: 712.5 EFPD) 
− Single-batch cycle for the GCFR-2400 core (length of the cycle: 3162.5 
EFPD) 
− No MA dedicated assembly in the GCFR is considered and Cm244 decay is 
not taken into account conservatively (then, Am and Cm can only build-up)  
− The annual production of GCFR is obtained as an average among the 
quantities coming from the first 6 irradiation cycles: this is an other 
conservative assumption, since we saw in Ch. 5 that the Am and Cm mass 
produced by GCFR becomes smaller and smaller recycle after recycle 
 
From the burn-up calculations on the PBMR and GCFR cores, we obtain the following 
masses produced annually (Table 40÷Table 43). 
 
On this basis we are able to approximately calculate the number of each kind of reactor 
involved in the cycle. 
Particularly starting from the data supplied by Ch. 1, we assume 250 kg as an average 
Pu+Np amount annually discharged by a LWR. 
 
Hence, we adopted the following hypotheses for the sake of simplicity: 




− The mass of HM destroyed by the PBMR core annually is replaced by 
Np+Pu coming from the LWR, thus the number of LWRs that is necessary 
to supply annually the amount of Np+Pu requested by PBMR is the 
following: 
 
 N° LWRs for each PBMR ~ (155 kg/250 kg)=0.62 
 
− The GCFR core is characterized by a partially closed cycle, which needs the 
driver fuel only for the first core. We can imagine the driver fuel mass as 
supplied by a certain number of PBMRs at BOC or a smaller mass supplied 
each year by a reduced number of PBMRs. Then: 
 
GCFR driver fuel per year ~ (Mass of Pu + Mass of Np)BOC 1st/(3162.5·6/365) = 270 
kg/y 
 
Each PBMR discharges annually:  
 








N° LWR for each GCFR ~ 1.3·0.62 = 0.8 
 
It is interesting to note that to start a GCFR core it is necessary the mass of Pu+Np 
coming from a very large number of PBMR cores or from 1.3 PBMR working for more 
than 50 years. Our calculation considers instead that the GCFR core is “annually” 
fuelled by Pu+Np coming from 1.3 PBMR cores. In order to take into account all these 
aspects (and the intrinsically “discrete” character of GCFR loading) in a proper way a 
complete scenario calculation should be performed. That could be a future development 
of the present work. 
 
From those values it is possible to calculate the following other quantities shown in 
previous chapters of this work:  
 
− Mass of waste per unit energy (thermal or electric) 
− For each nuclide or element, mass produced or destroyed per unit energy 
− LOM of the cycle 
− Masses of Am and Cm to burn in order to close the cycle 
 






















 U234 U235 U236 U238 Np237 Np238 Pu238 Pu239 Pu240 Pu241 Pu242 
Mass at BOC [kg] - - - - 56.40 - 24 410.40 190.80 73.08 40.68 
Mass at EOC (712.5 
EFPD) [kg] 
0.36 0.05 0.04 0.00 40.56 0.07 28.32 119.76 148.80 82.32 60.60 
Balance [kg/y] 0.19 0.02 0.02 0.00 -8.11 0.04 2.21 -148.89 -21.52 4.73 10.20 
 Am241 Am243 Cm242 Cm244 Others Total HM 
Mass at BOC [kg] - - - - - 795.60 
Mass at EOC (712.5 EFPD) [kg] 4.76 10.09 1.07 2.34 1.23 499.20 
Balance [kg/y] 2.44 5.17 0.55 1.20 0.63 -151.84 
Appendix C – Simplified balance calculations concerning the LWR-HTR-GCFR cycle 
 
109 
 U234 U235 U236 U238 Np237 Np238 Pu238 Pu239 Pu240 Pu241 Pu242 
Mass at BOC (1st cycle) [kg] 0.00 154.00 0.00 62100.00 1140.00 2.00 783.00 3710.00 4180.00 2360.00 1600.00 
Mass at EOC (1st cycle) [kg] 45.70 56.00 25.60 53800.00 492.00 0.36 801.00 6020.00 4010.00 855.00 1420.00 
Mass at BOC (2nd cycle) [kg] 45.60 77.30 25.60 62300.00 494.00 0.37 803.00 6030.00 4010.00 858.00 1420.00 
Mass at EOC (2nd cycle) [kg] 67.60 36.80 35.70 54000.00 233.00 0.17 555.00 6860.00 4210.00 609.00 1160.00 
Mass at BOC (3rd cycle) [kg] 67.60 57.40 35.70 62200.00 233.00 0.17 556.00 6860.00 4210.00 610.00 1160.00 
Mass at EOC (3rd cycle) [kg] 70.20 32.10 41.30 54100.00 128.00 0.09 360.00 7130.00 4450.00 590.00 948.00 
Mass at BOC (4th cycle) [kg] 70.20 52.60 41.30 62200.00 129.00 0.09 361.00 7140.00 4450.00 590.00 949.00 
Mass at EOC (4th cycle) [kg] 63.50 30.00 45.20 54100.00 86.30 0.06 243.00 7210.00 4640.00 609.00 800.00 
Mass at BOC (5th cycle) [kg] 63.60 50.40 45.20 62300.00 86.50 0.06 243.00 7220.00 4640.00 609.00 801.00 
Mass at EOC (5th cycle) [kg] 54.20 27.90 47.80 54200.00 69.30 0.05 179.00 7230.00 4790.00 629.00 699.00 
Mass at BOC (6th cycle) [kg] 54.20 48.20 47.80 62300.00 69.40 0.05 180.00 7230.00 4790.00 629.00 699.00 
Mass at EOC (6th cycle) [kg] 45.30 25.60 49.40 54200.00 62.70 0.05 147.00 7230.00 4890.00 644.00 629.00 
Average mass at BOC [kg] 50.20 73.32 32.60 62233.33 358.65 0.46 487.67 6365.00 4380.00 942.67 1104.83 
Average mass at EOC [kg] 57.75 34.73 40.83 54066.67 178.55 0.13 380.83 6946.67 4498.33 656.00 942.67 
Balance [kg/y] 0.87 -4.45 0.95 -942.56 -20.79 -0.04 -12.33 67.13 13.66 -33.09 -18.72 
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 Am241 Am243 Cm242 Cm244 Others Total HM 
Mass at BOC (1st cycle) [kg] 0.00 0.00 0.00 0.00 0.23 76000.00 
Mass at EOC (1st cycle) [kg] 345.00 243.00 13.70 80.80 42.41 68200.00 
Mass at BOC (2nd cycle) [kg] 0.00 0.00 0.00 0.00 7.45 76000.00 
Mass at EOC (2nd cycle) [kg] 182.00 203.00 6.97 68.30 27.52 68200.00 
Mass at BOC (3rd cycle) [kg] 0.00 0.00 0.00 0.00 7.37 76000.00 
Mass at EOC (3rd cycle) [kg] 160.00 165.00 6.01 54.60 23.62 68200.00 
Mass at BOC (4th cycle) [kg] 0.00 0.00 0.00 0.00 7.33 76000.00 
Mass at EOC (4th cycle) [kg] 163.00 137.00 6.08 45.10 22.52 68200.00 
Mass at BOC (5th cycle)  [kg] 0.00 0.00 0.00 0.00 7.28 76000.00 
Mass at EOC (5th cycle) [kg] 168.00 119.00 6.29 38.70 22.05 68200.00 
Mass at BOC (6th cycle) [kg] 0.00 0.00 0.00 0.00 7.30 76000.00 
Mass at EOC (6th cycle) [kg] 173.00 106.00 6.47 34.40 21.80 68200.00 
Average mass at BOC [kg] 0.00 0.00 0.00 0.00 6.16 76000.00 
Average mass at EOC [kg] 198.50 162.17 7.59 53.65 26.65 68200.00 
Balance [kg/y] 22.91 18.72 0.88 6.19 2.37 -900.24 
Table 43 – HM composition in the GCFR model – Am, Cm, other nuclides and total HM 
Appendix C – Simplified balance calculations concerning the LWR-HTR-GCFR cycle 
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Calculation of Cm244 stored by a full LWR-HTR-GCFR chain irradiation cycle 
 
Please note that in order to calculate the values shown in Table 23 of Ch. 6 the Cm244 
decay has been taken into account. 
The hypotheses applied are the following: 
 
− The Am mass is the total Am discharged from all the reactors involved, i.e. 
LWR, HTR and GCFR, during the whole cycle length (i.e. ~ 60 years) 
− The Cm mass is calculated as the Am one but taking into account its decay; 
then, the sooner an Am+Cm mass is discharged during the cycle, the smaller 
the Cm mass is in the final amount of this material 
   
Let us define: 
 
− N1: number of PBMRs for one GCFR  
− N2: number of LWRs for one GCFR 
− Tf: whole symbiotic cycle length (i.e. 3162.5·6/365=52 years) 
− iGCFRM : mass of Cm
244 produced during the ith cycle by GCFR 
− MPBMR: mass of Cm244 per unit time (y) by a PBMR core 
− MLWR: mass of Cm244 per unit time (y) by a LWR core 
− Ti=(3162.5/365) ·(6-i) with i=1, 2, …, 6 
− λ : Cm244 decay constant 
 
The calculation has been performed considering a sort of continuous discharge from 
LWR and PBMR. 














































Calculation of reactivity coefficients and of the delayed neutron fraction 
 













− α is the considered reactivity coefficient 
− kref is the keff in the unperturbed state 
− kpert is the keff in the perturbed state 
− ∆ is the difference between the independent variable in the perturbed state 
and the same variable in the reference one 
− 100000 is the factor to convert the coefficient in pcm 
 
The delayed neutron fraction was calculated switching off the delayed neutron treatment 
in MCNP (totnu card). For each case, MCNP run twice in order to obtain both keff and 
kp (kp means k “prompt”). kp is obtained running MCNP with the option totnu no.  Then, 










kk ββ  [pcm] 
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GCFR keff values at BOC for each irradiation cycle  
 
Cycle keff SD 
1st  1.06705 0.00121 
2nd  1.06521 0.00118 
3rd  1.08756 0.00103 
4th  1.09729 0.00117 
5th  1.10409 0.00124 
6th  1.10566 0.00124 
Table 44 – keff values for GCFR at BOC    
 
 
The values here shown are calculated with the 1-zone core model. The same trend (keff 
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